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THE CROSSED-ORBIT MODEL OF HELIUM, ITS 
IONIZATION POTENTIAL, AND THE 
LYMAN SERIES 
By LUDWIK SILBERSTEIN 
ABSTRACT 


The energy formula for crossed-orbit model of the normal helium atom.—From simple 
dynamical considerations it is shown that the energy of the model, with the two orbits 
assumed as rigorously circular, is given by the formula, E=—7N ch | 1—-— F ( - ) | : 
40 
where i is the mutual inclination of the planes of the two orbits and F is the complete 
elliptic integral of the first kind. From this general formula it is found that for Bohr’s 
model, in which i=120°, the ionizing potential is 24.35 volts, as compared with 24.5 
volts recently obtained by Lyman. By means of the formula for the wave-lengths of 


the emitted radiation, »=V 


3-— “F ) , it is found that the simple rational 

40 2 
values, —cos i= 3, 3, 3, correspond to the lines, \,= 584.4, \2= 537.1, 4,=522.3, and 
y= 515.7, of the Lyman series. The author disclaims any responsibility for the dynam- 
ical legitimacy of the model. In an appended note two more lines are shown to be 


covered by —cos i=} and ,,, and a regularity of the whole array of fractions is 
pointed out. 

The model of the normal helium atom proposed by Bohr in his 
Fysisk Forening lecture’ consists of two electrons describing around 
the nucleus two equal one-quantic orbits (1,) which are quasi- 
circular and whose planes are mutually inclined at 7= 120°, and are 
themselves spinning ‘‘slowly”’ around the permanent axis of angular 
momentum of the whole system. Bohr states (p. 33) that the 


* Translated in Zeitschrift fiir Physik, 9, 1-67, 1922. 
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analysis of the said configuration, conducted with the aid of 
Kramers, requires a large amount of computation which had 
thus far led to no conclusive results, although it seems promising 
with regard to a correct ionization potential. More than a year 
has now elapsed without any further announcements to that effect 
being published by Bohr or Kramers. In the meantime, J. H. 
van Vleck has announced in a note to his paper’ that “calculation 
has given an ionization potential of 20.7 volts,” for the aforesaid 
model, that is. Yet, the details of computation leading to this dis- 
appointing potential value not being very transparent, one did not 
feel ultimately convinced as to the fate of this latest model, a suc- 
cessor to three or four luckless ones. Under these circumstances 
it has seemed worth while to attempt an independent evaluation 
by a straightforward method which recently suggested itself. Its 
publication in the present paper seems the more justified, as the 
result arrived at was surprisingly close to Lyman’s latest estimate, 
which, as I am informed by Professor Lyman, is one volt lower 
than that usually quoted, and amounts ultimately to 24.5 volts. 

It will be expressly understood, however, that the dynamical 
possibility of the model, as satisfying permanently and with suf- 
ficient accuracy the equations of motion, will be entirely left to the 
judgment of others. In fine, the legitimacy of the model itself, 
with its sufficiently “ quasi-circular”’ orbits, being taken for granted, 
I propose merely to compute its energy (with the usual Coulomb 
law of interaction between all the three bodies), and thence the 
required ionization potential. 

By a well-known theorem, due to Burgers, the average kinetic 
energy of the system is equal to minus one-half its average potential 
energy, and since the total energy, E, remains constant, we have 


E= E= Epo ; 


and, if a be the radius of either orbit, and p=1/r the reciprocal 
of the mutual distance of the electrons at any instant, 


E= pap]. 


* Philosophical Magazine, 44, 869, 1922. 
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The configuration being symmetrical by assumption, the two 
trabants will pass the nodes simultaneously, being then on the 
opposite ends of a diameter. Thus, if the “slow” spinning of the 
orbits themselves (as announced by Bohr, /oc. cit.) is slow enough 
compared with the orbital angular velocity of the electrons, the 
approximate value of the radius, a, can be determined by the same 
reasoning as for Bohr’s older ring electron (which gave a much 
too high potential), which, in usual symbols, gives e?/a=jchN,,. 
Consequently, 

E=—7N,,ch(1—jap). (r) 


It remains to find p. Now if the 
mutual inclination, 7, of the orbit planes 
be defined as explained in the figure, and if 
the azimuth angles, 6 = af, be counted from 
the nodes, we have, by elementary geom- 
etry, at any instant /, 


r?/a?= 4c0S? 6+ 2(1-+ cos 7)sin? 6, 


whence, the required average, 


I do 
p=— 
47a), W1—4(1—cos i)sin? 


or map=F(k), where F is the complete elliptic integral of the first 
kind, modulo 


If we put, as usual, k=sin a, then a=}i, the semi-inclination. 
Thus, writing now a instead of the modulus itself, as is customary 
in elliptic tables, we have for the average reciprocal distance of 


the two trabants, 
I 
2) 
(‘), (2) 


a handy kinematical formula which may be interesting on its own 
account. 
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260 LUDWIK SILBERSTEIN 


Substituting this into (1), and leaving, for the present, 7 unspeci- 
fied, we have for the negative energy of the system, or of what will 
hereafter be referred to as the 7-model, 


‘ 


Next, drag away one electron to “infinity,” allowing the other 
to settle itself in a one-quantic orbit. Since the negative energy 
of this residue, the ionized atom, He*, is simply 4Nch, where 
N=N,,:(1+m/M), and since the small difference V,,—N is 
irrelevant for the purpose in hand, we have for the ionization 
work, 


W=Nch 


i 
N=1.0973°105, 
an ’ 973 
or, for the equivalent wave-number (of the flash emitted at the 
return of the vagabond), 


[3-7 ‘ (4) 


Now, for Bohr’s model, 7=120°, and, by a four-figure table, 
F(60°) =2.1565. Thus v=1.7987N, and since N is equivalent 
to 13.54 volts, the corresponding ionization potential amounts to 


V = 24.35 volts, (5) 
which is remarkably close to 24.5, the latest observed value. 
The corresponding wave-length, or the limit of Lyman’s (and 
Fricke’s) extremely ultra-violet series, would be = 506.6 A. 

Whether this is a mere “chance” coincidence, or has some 
“deeper significance’ (whatever that means), I am unable to say. 
Still less, whether this model of normal helium is a dynamically 
legitimate one. This, as stated before, will be left entirely to 
those who have proposed it. 

Thus far the particular case of the Bohr model. Now, by way 
of mere curiosity, suppose, for the moment, that there are dynami- 
cally possible (and stable) states of the z-model also for some 
inclinations other than 120°. Then its energy will be as in (3), 
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and the wave-number of radiation emitted at the passage from 
He* to this i-model will be given by (4). Bohr’s model corresponds 
to cos i=—}. He supports this choice only by a terse appeal 
(p. 32) to the quantizing principle of angular momentum. 

At any rate, it has seemed interesting to apply formula (4), 
even regardless of its significance or deduction, to some other 
simple rational values of cos 7, especially with a view of covering, 
perhaps, some of the four observed members of Lyman’s series, 
oS—mP, which are \,= 584.4, A2=537-1, A3=522-3, As=515-7, 
with the aforesaid \,, as limit. 

The region beyond 500 A being thus far barren or unexplored, 
values of cos 7>—4 are without interest, and thus the next simple 
ones worth considering are —3, —#, and so on. The results 
obtained on this somewhat adventurous quest were as follows: 


cosi=—%, ~=65°905, F=2.340,, gave A=537.2, 
2 
remarkably close to the observed \,; the next tried, cos i= —}, 
gave \= 5061.9, which is without interest; but the very next trial, 


565, F=2.578:, gave A=582.7, 
which roughly corresponds to Lyman’s first line, and 
cos i=—3, = 63°435, F=2.257;, yielded A=522 9, 


which is close enough to the observed \,. But one more member, 
515.7, observed by Lyman, remained uncovered. Working back 
from this, the required F will be found, by (4), to be 2.2131, and 
the corresponding semi-inclination, 61°97, whence —cos7=0.558, 
whereas the nearest simple fraction, 3, is 0.555..... But whether 
5 and 9 are still “‘simple” integers must be left to everyone’s own 
judgment. Taking 3, we have i/2=61°870, F=2.2094, and 
A=515.1. In fine, formula (4) gives the correct ionization poten- 
tial (5) for —cos i=3, and, as a curious addition, the lines 


Ay, d2, 


: 
& 
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respectively, for —cosi=}, 3, 3, #, with the deviations —1.7, 
+0.6, +0.1, and +0.6 angstroms, the experimental error limits 
being A. 

Whether or not these additional states of the model are dynami- 
cally and otherwise legitimate could be decided only by a thorough 
analysis which the writer is not in the position to offer. 


ROcHESTER, N.Y. 
March 3, 1923 


NOTE ADDED MAY 12, 1923 


Since the above was printed, the long awaited investigation of Dr. Kramers 
(Zeitschr. fiir Physik, 13, 312-341, 1923) has reached America. The net result 
of this investigation, in which the computation of the mutual perturbation of 
the electrons is pushed to the second approximation, is that the Bohr model 
gives a much too low ionization potential, namely 20.7 volts (identical with 
van Vleck’s previous result), and that the contemplated quantized motion is 
not even stable in the mechanical sense of the word. Kramers, however, who 
speaks also in the name of Bohr (Joc. cit., pp. 339, 340), does not at all seem 
to be discouraged by this unexpected “negative result”’ of his laborious com- 
putations. On the contrary, after a consultation with Dr. Bohr, he sees in 
this failure only a proof that ‘‘already in this simple case [of two trabants only] 
ordinary mechanics loses its validity,’”’ and does not swerve from his belief in 
“the correctness” of the model itself. In fine, Kramers and Bohr are unani- 
mous in condemning, not the model, but ‘‘ordinary’’ mechanics. As yet, 
however, they do not see their way for proposing any definite modification or 
cutting of classical mechanics to make it applicable to atomic systems. 

Under these circumstances, the alternative method of computation given 
above seems the more interesting. Originally dictated by the writer’s ignor- 
ance of details, this method now appears brutally simple and “classically” 
wrong. For it amounts to adding, in (1) or (3), to the quantized central 
energy the averaged perturbation function—a theorem known to be valid 
only when the latter is a small fraction of the former. But it is precisely such 
a manifest infringement of the classical laws yielding fairly correct results, 
which may serve as a hint how to modify these mechanical laws for intra- 
atomic purposes. This is the reason why the foregoing treatment is here 
left unchanged. 

In the second place, it may be well to add the following peculiarities of 
the spectrum formula (4) as such, noticed in the meantime. 

If the simple rational values of —cosi are written out orderly, descending 
in magnitude, 


| 
4 
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every second (bracketed) covers no observed line, while the remaining ones 
represent orderly the first four members of the Lyman series oS—mP. Now, 
extrapolating this intermittence and continuing the regular sequence of the 
last three fractions by 
6 


one would expect the former to cover no line, and the latter to cover the line 
oS—5P which, though not yet observed, can confidently be expected. Now, 
the wave-length of this line, with Lyman’s oS and the usual 5P, would be 
\;= 512.1, while our formula (4) gives, for cos i= —7/13, 


A= 512.3. 


Turning to the left hand of the above sequence, the next fraction 3 has natur- 
ally seemed worth trying. To this value of —cosi corresponds i/2=73°221, 
F = 2.6642 and, by (4), 

A= 601.2 
which is very close to the “single line at 600.5+0.3”’ repeatedly observed by 
Lyman. Moreover, the combination line 


oS — 1S = 198,300 — 32,033 
would lie at \=601.3, which is still closer to our result. 


Gathering the scattered results we have the following correlation (in which 
bracketed fractions cover no lines): 


5 4/3] 
6 L7J 9 13 2 


oS— 1S N As 30 


The regular intermittency, as far as oS—mP is concerned, is manifest. The 

position of oS—1S, the ‘“‘queer”’ line (Compton), is correspondingly queer. 

Yet even this fits into the further regularity of the whole sequence of fractions, 

pointed out to me by my friend, Professor A. S. Eve, of Montreal, to wit, that 
I 

the differences between the successive fractions are all of the form ——> thus 


np 


5-5—4.6=1, 4.4—3.5=1, and so on. 

The substance of this note was given in a paper read at the Washington 
meeting of the Physical Society, April 21, and the whole subject was expounded 
in a lecture delivered two days later at the Bureau of Standards, followed by 
a discussion. 
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INVESTIGATIONS ON PROPER MOTION 


TENTH PAPER: INTERNAL MOTION IN THE SPIRAL NEBULA 
MESSIER 33, N.G.C. 598: 


By ADRIAAN VAN MAANEN 


ABSTRACT 


Measures of internal motion in the spiral nebula M 33 (N.G.C. 598).—Comparison 
of two photographs taken in 1910 and 1922 by Ritchey and Humason, respectively, 
gives, with respect to twenty-four comparison stars, the annual proper motion of the 
nebula, w= +0%003, u;=—o004, and the motions of 399 nebular points freed from 


this motion. The internal motions are shown on Plate XIX. They can be interpreted 
as a rotation or as a motion outward along the arms of the spiral, preferably the 
latter. Taken asa rotation, the motions indicate periods from 60,000 to 240,000 years. 

Reality of measured displacements in spirals —A summary of the results for seven 
spirals, M 33, 51, 63, 81, 94, 101, and N.G.C. 2403, shows that the displacements found 
cannot have been caused by (a) the telescope, (6) the quality of the plates, (c) the 
measuring instrument, (d) the measurer. Apparently they must be accepted as repre- 
senting actual internal motion. As such they are in agreement with the theory of 
cosmogony lately proposed by Jeans. 

Parallaxes of the larger spiral nebulae—These seem to lie between a few ten- 
thousandths and a few thousandths of a second of arc. The corresponding diameters 
range from several light-years to several hundred light-years. The larger spirals are 
therefore enormous as compared with our solar system, but small in comparison with the 
system of the Milky Way. 

In 1921 a preliminary note on the internal motion in this nebula 
was published in the Proceedings of the National Academy of Sciences;' 
it included measures of thirty nebulous points on two plates taken 
at the 25-foot focus of the 60-inch reflector and of twenty-two points 
on the photographs taken at the 80-foot focus of the same instru- 
ment. ‘The measures were all made with the monocular arrange- 
ment of the Zeiss stereocomparator, while those planned for several 
hundred nebular points on the first pair of plates were postponed 
until the new stereocomparator, then under construction in the instru- 
ment shop of the observatory, should be completed. Before this 
was finished, the plate taken by Mr. Duncan in 1920 was acciden- 
tally broken by him and it was necessary to wait until a new exposure 
could be made. This was secured by Mr. Humason on September 


* Contributions from the Mount Wilson Observatory, No. 260. 


2 Mt. Wilson Comm., No. 71. 
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23 and 24, 1922. As the older plate taken by Mr. Ritchey dates 
from August 5, 6, and 7, 1910, the interval is 12.133 years. 

Twenty-four comparison stars and 400 points, presumably be- 
longing to the nebula, were selected for measurement. The meas- 
ures and reductions were carried out in the same way as for other 
spirals studied. 

The measures were made in four positions, east, west, north, and 
south, respectively, in the direction of increasing readings of the 
micrometer screw. ‘The measures in right ascension were combined 
into one set, and those in declination into another; then the meas- 
ured quantities were multiplied by 0.688 to reduce the values 
expressed in parts of the micrometer screw to annual motions in 
thousandths of a second of arc. ‘These quantities, m, and ms, 
respectively, were used as the first members in equations of condition 
of the form: 


M,=at+ bx na cy+ dx? + exy+fy?+ Ma ) 


ms y+ ps | (1) 


inwhicha..../f,a’.... /, are the plate constants, x and y 
the co-ordinates in right ascension and declination, and uw, and ps; 
the annual proper motions. By a least-squares solution the plate 
constants were determined from two sets of equations of the form 
(1), yielded by the twenty-four comparison stars. These constants 
were substituted into equations of the form (1) for all objects meas- 
ured, thus giving for both stars and nebular points uw, and ys, the 
components in right ascension and declination of the motions with 
respect to the mean of the comparison stars. 

For the comparison stars these quantities are given in the fourth 
and fifth columns of Table I; the second and third columns give the 
positions with respect to the center of the nebula, accurate to a 
tenth of a minute of arc. 

In order to derive the internal motions of the nebula, the values 
mM, and ys of the nebular points must be freed from the motion of the 
nebula as a whole. One point, No. 367, shows so large a motion 
(u=07%136) that it cannot be a part of the nebula, and is accord- 
ingly omitted in the following discussion. 
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266 ADRIAAN VAN MAANEN 
a) The mean motion of the 399 remaining points is 
Ma=+0"%002; Ms = 0035. 
b) Combining the mean motion in quadrants I and III, we have 
Ma = +070045; = —0"0035 
while for quadrants II and IV 
Ma = +070035; = —070055. 


TABLE I 


Co-ORDINATES AND ANNUAL MOTIONS OF THE COMPARISON STARS 


No x y Me Ms 
— 1/6 — 4/5 —0"003 
b.. — 2.9 — 2.7 - 3 _ 2 
3.9 II + 8 
— 8.0 —1I.4 + 5 7 
— 7.0 8.9 2 8 
Fears —13.2 — 1.4 + 2 + 8 
—I1.9 + 2.4 + 6 7 
— 8.6 + 2.4 4 + 3 
7.8 3-7 7 ; 
— 3.3 + 6.4 2 + 6 
— 2.1 +11.4 2 + I 
+ 0.5 +10.3 + 4 2 
§.2 + 8.9 + 3 5 
+11.6 + 4.0 _ 5 + 4 
+ + 4.0 ° + 6 
+ 8.0 — 1.1 + 4 10 
+T 10.7 — 6.8 4 4 
a u | + 6.4 — 9.2 + I + I 
v + 1.7 —10.3 | 4 
3.3 — 4.0 + 13 | + I 
x. 2.5 +0.002 +0.008 
All four quadrants combined give 
Ma = +0004; = 0045. 


c) Using only the 293 points, within 10’ from the center of the 
nebula, which have a more symmetrical distribution, we find for 


quadrants I and III 


” e 
Ma = —0.004; = — 0.0035 
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PLATE XIX 


INTERNAL Motions IN MESSIER 33 


The arrows indicate the directions and magnitudes of the annual motions. 
cated on the illustration. The scale of the nebula is 1 mm=12"8. The comparison stars are inclosed in 
circles. 


Their scale (o”1) is indi- 
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while for quadrants II and IV 


Ha = +0003; = 0045, 


For all quadrants combined, we find 
Ha = +070035; = —0"004. 


For the motion of the nebula as a whole, the mean result from 
the three methods is 


” 
Ma=+0.003, = —O.004. 


Subtracting these values from the annual motions, pu, and us, 
of the individual points, we derive the internal motions, which are 
given in the fourth and fifth columns of Table II. ‘These motions 
are plotted in Plate XIX; for the comparison stars, which are sur- 
rounded by circles, the motions of Table I are used; the motion of 
point 367 is indicated by a broken line. The scale of the motions is 
indicated in the lower right-hand corner. The length of the arrows 
represents the motions during an interval of about 2,500 years. 

The second and third columns of Table II give the co-ordinates 
of the points measured, with respect to the center of the nebula, 
to tenths of a minute of arc. In a few cases, points close together 
thus appear with identical co-ordinates. This is of no consequence, 
because, if necessary, these cases can be distinguished by their 
motions. 

The internal motions are resolved into: (a) rotational and radial 
components; (b) components along and at right angles to the spiral 
arms (stream and transverse components). 

The plane of the nebula is probably inclined a little to the tan- 
gential plane of the celestial sphere, but, as the axes are in the ratio 
of about 1 to 1.25, the components will in no case be affected by 


more than 25 per cent, or in the mean by about ro per cent. 

The results are given in the sixth, seventh, eighth, and ninth 
columns of Table II, where the positive sign is used for motions in 
the direction N-E-S-W, and outward. 
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TABLE II 
CO-ORDINATES AND ANNUAL INTERNAL MOTION 

| Rota- : . Trans- 

No. x y Ho Ms | tional Radial Stream ae 

—12°7 — 4:5 +0%007 +o%031 | +o0%027 | —ofor7 | +0%026 | —oforg 

2.9 + 32] + 2]— 2] + 2 

—12.7 — 1.0 15 t 27 + 26 17 + 25 12 

—12.7 — 0.8 16 | + 27 + 26 17 13 

7 —12.6 — 0.6 + 13 + 26 | + 25 _ 14 > 27 - 10 

: —II.9 — 1.0 + 2 + 25 + 25 - 3 = 25 - I 

—11.8 — 0.5 + I! + 25 + 25 10 + 26; 6 

—11.8 — 0.3 + 17 27 20|— 131+ 31 7 

—11.8 0.2 + 22 33 33 - 22 + I! 

—I11.4 — 8.7 ° 35 21 + 23 27 

— 5.4 7 25 24 9 + 23 12 

—II.1 — 8.6 ° 24 + 19 14 + 18 17 

—10.7 — 8.6 —- + 32|/— goj- 38 

15 + 16 22 | ° + 21 4 

— 9.4 — 9.5 + 20] oj; + 5 

— 8.9 — 9.4 10 + I + 8 | + 6 + + 3 

8.7 — 9.4 4|+ 26] o|+ 16 

— 8.9 —10.0 - 1! + 15 + 18 - 5 + 16 - 10 

— 8.1 — 9.9 - 20 | + II + si + 4 + 23 - 3 

— 8.0 — 9.7 II 23 233 | — 12 + 18 8 

— 8.0 — 9.5 24 23 |— 12 + 20 17 

—10.2 — 6.7 - 27 + 15 + 28 + 13 + 30 | + 6 

—10.0 6.5 2 28 26} 13 20 - 19 

— 9.7 — 6.5 2 25 | 10 

— 9.5 — 6.4 II + 41 14 I 

— 9.5 — 4.6 oP 2 + 18 + Is~|-— 10 + 13 - 12 

— 8.9 — §.2 I 19 17 12 14 

— 8.7 — 5.4 2 14 13 5 + II 9 

— 8.4 — 5.2 + 22 + 15 + 10 | — 19 

— 8.3 — §.2 II + 290 30 6 + 27 - 14 

— 8.1 — 6.8 — 14 + 17 + 22 _ 2 + 20 - 10 

— 8.1 — 7.0 15 + 21 20 3 + 24 II 

— 8.0 — 7.3 _ 24 + 22 . 32 | + 3 oe 32 - 5 

— 7.8 — 7.0 - 17 + 1m} + 23 | + 3 r 22 _ 6 

— 8.1 — 7.5 - 12 20 | + 7 24 - 16 

— 7.8 — 7.5 + 14] + | + I + 5 

— 7.8 — 7.3 - 1 | + 22 + 27 4 + 25 - II 

— 7.0 — 6.7 10 17 23 ° + 23 7 

— 7.2 — 6.5 1s + 19 | 15 7 

— 6.7 — 3.0 6 + 12 13 I 13 2 

— 6.8 3.0 =~ + 21 + II 

— 6.8 — 3.0 13 + sit 19| + Io + 3 

— 6.8 — 2.9 15 14 + 19 +- 8 20 + 5 

— 7.0 — 2.9 I 24 = fe) 21 I! 

— 8.6 — 0.2 + 22 + 2 

— 8.6 + 15 40 + — 15 + 41 12 

— 8.3 + 6 3 

— 8.1 + 7 37 + 7 38 ° 

— 8.1 0.0 + 24 2s|— si + 10 

0.3 + 2] + 27] — + 28] - 9 

— 7.5 + 0.2 + 5 + 15 Is 6 16 3 

— 9.1 2.9 + 20] + i + 9 

— 9.4 + 3.5 + 17 + 16} + 21 - II + 22|—> 7 

— 7.6 + 5.2 + + + ar] ar] + 3 

— 7.8 + 5.2 +> 17 + 20 | + 25|— 4 25 5 

— 8.0 §.3 + 260 + 8 20 | — + 20 | 18 

— 8.0 + §.2 + 20 | + 261 + si- ,i+ 33 | = 2 

— 7.8 + 5.4 + 21 + 2 + 32 32 5 

— 84 + 5.9 + 23 | + 24| + | + 24 6 

— 7.6 + 5.7 + 2 T I! 21 10 21 II 

7.8 + 6.7 + 12} + 19 | + 221+ 2 + 22 + 3 

+ 6.5 a7 - Tit 9 
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TABLE IIl—Continued 

Rota- : Trans- 

No. x y Ka Hs Genel Radial | Stream we 

— 7/8 + 7!5 +o0%029 | +o%014 | +0%031 | —of%orr | +0%031 | —o%oro 
— 7.6 + 7.5 + 206/+ 71+ 6 

TS — 7.5 + 7.6 + + sit 81+ 4 
— 7.0 + 7.8 + mi + 4ict 4 
— 6.8 + 7.8 + | + 23 | + rir 23 ° 
— 6.7 + 8.1 + 2 31+ 30] + 3 
— 8.3 + 9.4 + 41+ 2 
— 4.0 + 8.3 + + 25|+ 21 + mi+ 23) + 13 
— 4.5 + 8.1 + 16 | + + 71+ 7 
— 4.5 + 8.3 + 2 + 10 + 26| + 25|— 6 
— 4.5 + 8.4 23 | + 23 10 
— 5.6 + 2.4 + 16) + 20} + + 8 
nates — 6.2 + 1.6 + 17 + 17 + 20 3/ + — 13 
— 6.2 + 1.0 + ri + 2 
— 6.4 + 1.0 + 20] + sit 3 
— 6.5 + 0.8 1] + 22/1 + 22|+ 2i+ 22 ° 
— 4.9 + 2.1 + 8] + 16] + 8 o| + 18 I 
— 4.8 + 2.1 + 19} + 17 + 23 II + 22 12 
— 4.9 + 1.7 1m] + im] — 2 
4.9 + 1.7 + 221+ 20|— 61+ 20|— 6 
— 4.6 + 1.6 + 22) + 21 + 71+ 21 + 7 
— 4.8 + 1.0 21+ + 20} + + + 3 
— 4.6 + 1.0 + + 31+ 15 
— 5.2 — 0.3 + 4ivt 4icvt 4 
— 5.4 — 0.3 + ai- 20/ — 6 
— 5.1 — 0.6 221+ 21 - sit 4 
— 5.2 0.8 + 71+ 8] 7 
— 5.9 3.0 18 II + im} + II + 20 | + 8 
— 5.6 — 3.0 20} + 2sict oi + 26) + 4 
4.9 — 3.0 sit 4/+ ssi + 3/1, + 27ict 8 
— 5.6 — 4.6 + + ari + 3 
— 5.6 — 4.6 oi t+ + 15 + 4 
— 5.4 — 4.0 20] + o|+ 22]+ 3 
— 5.1 — 4.6 1m) + II + + + I 
— 5.1 — 4.5 20 | + + 190] + o|+ ait 3 
— 5.2 — 4.5 24 4 + II + 21 + 17 17 
4.3 4.0 12 + 15 15 = 3 
— 4.0 — 5.4 3] + 4ict+ + 4 
— 4.5 — 5.6 1s mi] + 23 5 18 15 
— 4.5 — 5.7 —- s| + 24/4 27 ° 

— 4.3 — 6.2 + 7/+ sit 17 
— 4.3 — 6.4 —- 3ri + 7i+ 7 
— 4.9 — 6.2 22] + 21+ + si? 22| + I 
— 5.6 — 8.1 21 + 2 + + 10 + 21 ° 
— 5.6 8.3 7 + II + + im] + 7 
— 5.4 — 8.3 14 5 + II 10 
— 3.2 — 8.4 21+ 290 + $s ° 
— 3.0 — 8.4 2 7 19 | + + 3 
— 3.0 — 84 14 22|+ 231+ 31 + 9 
— 3.0 8.6 27 13/1 + 221 + 20} + 20 | + 7 
awe — 2.9 — 8.6 28 | — 27 | + 71+ 2 
— 2.7 — 8.4 27 I 26 | + 5 + 26) — 7 
— 2.4 — 8.3 27|— ar i + 22|+ 30) + 8 
— 2.2 8.1 1} + 26] + 8 
— 2.4 — 8.1 + + 21 ° 
— 1.9 — 7.8 22|— 1] + 20 | + mit 24] + I 
— 1.6 — 7.6 27 10 | + 25 + + 290 ° 
— 1.7 — 7.5 28] — 27 | + 8] + 26| — II 
— 1.7 7.5 27 6| + 25 + II + 27 - 8 
— 1.6 — 7.3 21 + imi + 2441+ I 
— 1.6 — 7.5 15 3 + 14 + 7 + 15 3 
— 1.1 — 6.8 13 2 + II + 14 + 17 + 5 
— 1.3 — 6.7 + 8i+ 17 ° 
— 2.7 — 5.1 im] + 16 | + 28} + 290} + 14 
— 2.5 — 4.8 22 6) + 17|+ 15 + 23 ° 
— 2.4 — 4.5 1|- + o| + 2 
— 2.9 — 4.0 14 2 + II + 14 ° 


_ 
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TABLE IIl—Continued 
| 

No. x y Ms | Radial Stream 
— 3/2 — —o%016 | +0%005 to%o16 +0%005 +o%017 | —0%003 
™ 3:3 4.0 10 + + 6 + + 2 
= 3.5 15 + 9 + 17 18 
= 2:9 = 13 + + 7 3 
= 3.0 3 =. + 5 > I 
— 4.5 — 2.5 _ 12 + 13 . 17 + 5 + 18 + I 
— 4.5 — 2.2 _ 22 + 20 + 28) + II + 20 / + 5 
— 4.1 — 2.5 - 17 + 18 + 2 | + 7 + 24] + 3 
4.0 3.5 rs i + 16 + ai + + si + 2 
— 3.5 — 2.4 - 20 + 19 + 27 + 5 +- 27 + 4 
3.5 29 18 3 + Sie 10 
$.§ 2.2 8 t 10 13 I 2 
— 2.4 2.7 =) 4 | + 4 
— 3.3 — 0.2 I 12 4&2 22.3 = 3 
3.3 5 23 r r ° 
3.9 2.2 t 13 7 6 t 14 3 
§.5 0.2 10 16 + i+ oi + + 6 
— 3.3 0.0 ae 8 + I! + 12 + s — 13 + 6 
— 3.3 | + 7 > = 7 
— 3.3 —o.2 | + + I 14 4 
— 4.0 2014 | + aj] +4 231+ 12 
3.6 3.9 3 8 + 8 | + I + 8 ° 
3.7 T 2.2 + 6 t 10 12 ° + — 6 
= 7.6 t 19 t 14 23 5 1+ I 
3.5 + 7.8 + +t 1s 22 II 24 + 7 
3.0 + 10] + 31+ ro | + ol + 
— 2.9 + 23] 4 s5|/+ 2 2 6 
= .3 2 + + 20} — 12 
0.6 30 | I + 30 3 t 2 9 
— 0.0 TIL.9 + 16 | + 16 + io} + + 6 
— 0.2 +11.9 oj | o|- I I 
©.2 TII.S I T 9 - 2 T 9 4 
0.3 +11.0 | + 25 r 2s | 3 
— 0.5 25 | + 1| + 25 | + I t+ 5 
— 0.5 +11.3 + 30 | ri + 30] - 3 + 28] — 9 
r 9.3 16 t 22 + 13 t 24 21 17 
+ 1.7 + 9.1 + 19] + + 18] 4 7/+ 19] - I 
+ 1.7 + 9.1 + 17 + 8 
+ 1.4 20 | + 9 25 7 27 I 
+ 1.3 + 8.9 + 22] + 20! 4 7] + 25] + 5 
+ 2.1 + 8.9 + | “+ Sit t31 + 3 
— 0.6 $.2 + 18 + 20/+ 23] 4 
— 0.6 + §.2 + 4 19 + 26] + 16 | + 4 
— 0.6 + 5.2 0) + + 17 + 4 
— 1.3 + 4.9 + 9| + o|+ 12]+ 6} + 13 
— 1.4 + 4.9 + + | + | + «13 ]+ 8 
— 0.6 + 4.3 + 3/+ 10] + 6 | 9|+ 10] + 3 
= + 3.5 + Io t 21 + II 23 ° 
2.7 t + a2 | +4 1 + 3 6 
~ 2.5 2.4 t 4|- 3 ° 5 | 4 
= 2.9 + 1.4 t 9 + 6] + zi + 8 
1.9 + 0.2 (i+ + 5 + 
- 13 + ii + 14 | t 10 t + 8 
— 1.4 — 0.8 — 12 : 16 3] + 1} + I 
— 1.6 — 2.9 _ 16 + 8 + 18 | ° + 17 _ 6 
28 — 2.9 - 12 o| + | + 4 7 12 ° 
- — 2.9 6] + | + + 13} + 4 
— 4.0 si 14 18 t I9| + 2: 12 
— 4.1 15 19 t 20 r 2 + 12 
1.4 — 4.8 14] — 14 r +- 17|+ 10 
— 0.5 3.4 si + = 2 


; 
I 
I 
1 
I 
2 I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 
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TABLE IIl—Continued 

Rota- Trans- 

No. x y Ms Radial Stream voles 
Of3 — 1/3 | —o%005 | +0%009 | +0%007 | +0%008 | +0%008 
— 0.2 — 1.3 + 41+ m4] - + a4: 
°.0 — 1.4 m2] + s5|+ 71+ 13 ° 
— 1.4 1) — + 1 | + | + 3] + 13 
+ 0.2 — 1.7 + Wit 8 
+ 0.2 — 2.9 + 22} + 8] + 23 ° 
221 + 0.2 — 3.0 — 1] + I 
+ 0.3 — 3.0 II 16 | + 14 + 17/+ 9 
+ 0.2 — 3.8 8; - im] + olt+ + + 13 
+ 1.1 — 4.1 ait s2i+ «wilt gi I 
2.2 — 4.5 —- 2] gol + s71—> 28 
+ 1.0 — 4.6 23 | 3 + 25| + 8] + 4 
+ 0.6 — 5.6 ~ 7} + 2 7 
— 0.2 — 7.2 26 | — 4] + 26) + 14] + 29; 4 
— 0.2 — 7.3 29 | + 28 + II + 29 | 10 
+ 0.6 — 7.0 —- 19] + 81+ 2] 4 
+ 0.6 — 6.8 34, — 231+ + — 5 
+ 1.1 — 6.4 21 + 23] + 22|— 7 
+ £.3 — 6.0 8] + 20 | + 31+ im] — 9 
+ 1.7 — 5.9 27 31 + 341+ 2: + 4! 1 
2.3 §.7 26 | + 20} + 28] + 7 
+ 1.7 3m | — mi} + 2] + 1 
+ 1.7 — 6.0 + + 8/+ 19] 3 
+ 1.6 — 6.5 1+ agi + 7 
+ 1.6 — 6.7 22 19} + 260 + 13 + — 7 
— 6.7 144] + 20} + 10 | + 21 - 5 
+ 1.0 — 6.8 3/- + 14 + 2 
+ 1.3 — 7.2 21 o| + 2 + — 10 
+ 0.6 — 7.6 2 + 351+ + 36] — 2 
+ 0.8 — 7.5 21 + 22} + + 8 
+ 1.3 19 | i] + 22 + + 26 ° 
2.6 — 7.8 27 6 + 28 22 17 
+ 0.8 —1I2.2 290} + + 29 | 17 
—I2.2 ssi + 4ivr 21 - 9 
+ 0.8 —12.4 42 1] + 44] + II + Ir 
1.4 —12.2 - 30 I + 30 | 3 25 17 
+ 3.0 — 4.0 — + 24] + + 2 7 
+ 3.0 — 3.8 14 13 + 19 17 10 
+ 2.9 — 3.8 mir wit e251 + 6 
+ 2.1 — 3.0 19| 24 | + 7 
+ 2.2 — 3.2 7 17 + + Io} + 3m] + I 
+ 2.5 — 2.9 71+ 4ict 6; + 6; + 4 
+ 2.5 — 1.7 II + 4 + 9 
+ 2.7 — 1.7 I 25 + 231+ II + 25 I 
+ 1.4 — 1.3 8 II + 13 + 2 + 14 ° 
+ 1.1 — 1.1 24 - + 2 - + 26 ° 
+ 2.2 — 0.2 8s] — 10] + + o| + + 8 
+ 2.5 + 0.2 + II 10 | + 10 + II + 13 + 6 
+ 2.2 + 0.2 + 19} + + 6; + 20 ° 
+ 2.5 + 0.6 + + 12 + + 17 + 7 
+ 2.5 + 1.2 + 5 + II + I + 10 3 
+ 2.5 + 3.7 + si+ mit + 10 
+ 2.4 + 1.7 + + + I + im] + 8/ + 16 
+ 2.7 2.5 + + tsi + 20 | + 2 + 10 
+ 2.7 + 2.7 + I + 10] + 12} + 3 
+ 2.§ + 2.9 + 17 + 17 + 3] 4 
+ 2.2 + 2.9 + 14] + 31+ II + 13) + 6 
+ 2.4 + 3.0 + 16 + I + 12 + II + 16 + 2 
+ 2.5 + 3.0 + + 6] + t01 + Tit 7 
+ 1.6 + 2.7 + 4] + 5| + II + + 4 
+ 1.3 + 2.4 + I + o|- 3it 
+ 1.3 + 2.2 + 20 + 14 + II + 221+ 24/ + 6 
+ 0.2 + 1.4 + 71+ + 6) + i+ 12 ° 
+ 0.2 + 1.6 16) + 21] + 12} + 26] + 2 
°.0 + 1.4 + | + 1s | + 8 
+ 1.7 + II + 6|+ 12/ + sit 5 
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TABLE Il—Continued 
No x y Hs | tional Radial Stream 
— o!2 + +of%o18 | +0%022 | +0%020 | +0%020 | +0%029 | +0%oor 
+ 1.0 + 13 + 5 + 13 + 6 14 2 
+ 1.6 + 6.0 23 +- 20 | + 18 + 25 +4. 290 | + 
+ 1.6 + 6.2 + 21 + 12 + + 16 24 + 5 
5.9 + 6.2 + 24 13 20 +. 19 + 27 4 
+ 2.4 + 6.8 + ssi- I + 2 2 
2.4 + 6.8 + 27 2 26 +- 8 + 26 6 
2.7 7.0 +- 20 I + 19 +- 5 + 19 5 
+ 2.7 + 7.0 21 5 + + + + 2 
3.7 + 7.8 + 20 | + 4 +- 17 + 20; + 4 
3.7 + 8.0 5 5 > o|+ 5 
3.3 +12.4 + 25 13 + 27 6] + 14 
3.§ +12.2 +- 14 Ir + 17 7 + 13 13 
+ 3.8 +12.2 + 28 +- I + 26 + + 23]; — I 
+ 5.9 si = 31 + — 26 + 81 — 30 
+ 4.9 + 9.1 + — o|+ 18 I + 7 
+ 4.9 + 8.9 32 19} + 37 2 32 19 
ere + 4.9 + 8.7 + 28 o; + 24 + m4/+ 28} + 3 
+ 4.9 + 8.7 + 9 9 12 5 9 
+ 4.6 + 7.0 + 20] — 20 | + 2 15 
T 4-5 + 6.5 20i— + a3 i + 4 3 
+ 4.6 + 6.8 + 2 + 27 | + 12}/+ 30] — I 
4-38 + 6.7 im] 10} + 20} + 3 
+ 4.3 + 6.4 + 21 17 + 27 2 + 24 12 
+ 4.9 + 5.9 + 13 16 + 20 5 + 17 Ir 
+ + 6.0 + II 171+ 19 7 + 17 Ir 
+ 6.2 + 15 13 20 ° 19 7 
BEB + 5.4 + 6.2 + 8 12 - I II - 5 
a + 7.0 + 6.4 + 25 _- II + 25 + Ir + 27 + 3 
7.2 + 6.2 4 + Ir 4 + 9 7 
+ 7.3 + 6.4 + 28 25 t 38 4 37 9 
BOD. ci + 7.0 + 5.9 + 14 22 + 26 4 T 24 10 
+ 7.0 + 5.9 + 17 + + 5 
+ 5.9 + 5.1 + 16 + 10] — 
5.9 + 4.9 + 15 + 24 23 7 
BOS + 6.2 4.9 + 17 - 10 23 4 23 - 4 
+ 6.8 + 4.3 + zi + 19} + | + 20 
+ 6.8 + 4.1 T 10 20|— 3 
+ 6.8 m4) = 15 + 20] + 21 ° 
+ §.2 2.7 2 15 24 + 15 + 28 + 5 
§.4 2.7 + 24 + 29 + II + 30} — I 
+ 4.3 + 0.8 + 6 7 + o|+ 9 7 
+ 4.8 + 0.5 II 14 + 15 + 17) + 7 
+ 3-3 — 0.2 + 13 + 71+ + 19/ + 6 
— 0.3 13} + 10] + 10} + 16] + 15 
+ 4.0 — 0.3 + 8i— 8] + 7 + 8] + 7 
+ 4.1 — 0.3 II + 8 + 12] + II + 9 
eer + 4.1 — 0.5 + 2 - I - 2 + 28 + 6 + 27 
+ 4.0 — 1.4 = 16 | — + 16 
+ 5.1 1.3 + 7 17 + 15 + II + mi] + 6 
+ 4.9 2.4 + 4 im] + | + 10]; + i] + 4 
+ 4.9 — 1.6 2 20 | + 20 | + 31+ 20|— 3 
Pee rr ere + 5.1 — 1.6 + I - 13 + 12 + 6 + 13 ° 
+ 4.9 — 2.1 22 - + 25 3/ + mi- 22 
+ §.2 — 2.1 4|— 16] + 1m | + 1] 3 
+ 4.8 — 3.2 fe) 22 + 24 + 4 + 23 9 
+ 4.6 — 3.3 71+ i | + im] 8 
+ 4.6 3.5 im] + 22 I + Ir 
+ 4.8 — 4.9 17 17 + 24 I + 21 12 
+ 4.8 — 5.1 im] — 24] + 30 | + 4it 28]; — It 
+ 4.6 — 5.4 20 II 22 8 + 18 14 
+ 5.9 — §.2 12 20 + 23 | + 4 + 22 7 
+ 5.4 — 6.7 15 2 + 26 | + II + 28 3 
+ 5.6 — 6.8 26; 22 | + 34 ° + 30 | 16 
+ §.7 — 7.8 25|— 20}; + I + 30 | — 12 
+ 5.7 — 7.8 28); mit 31 25 19 
+ 6.7 6.5 61—> «must 24 ° 
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TABLE Il—Continued 


No. y Ha Hs tional Radial Stream 
359. + o!9 —o%02 —o%024 | +0%035 | —o%o0r15 | +0%031 | —o%022 
360. + 8.7 — 4.8 16 33 + Ir 
361 + 9.2 — 4.8 + 24] 8i+ 14 
+ 9.2 — 4.3 22|— 28; + 71+ 417 
+ 5.6 — 3.2 28 | + 26 | + 1o| + 4 
+ 5.9 — 2.9 20} + 20] + s|+ 20] — 5 
+ 6.2 — 0.2 71+ 16] + 4 
+ 5.4 + 0.2 + imi + + 21+ mi — I 
+ 5.4 + 0.3 5 16] + 16) + 17 ° 
371. +10.8 — 2.5 Ir = 28 | + 2 6] + 29 | — 10 
+11.1 — 3.5 6 290); + 29 o| + 29 3 
+11.4 — 2.2 13 23 + 24 + 24 II 
+11.3 — 2.1 II 21] + 8] + 9 
+ 9.4 — 0.2 + 10| — 16) + im] + 9 
+ 9.4 + 0.2 +, Sim Sir 5 
377. + 9.1 + 0.3 + ait 2;+ 
+ 9.1 + 0.5 I 2 + 24 3itr 5 
+10.2 + 1.1 + 2}+ + 2 
+10.2 + 1.4 20] + 21+ 20] + 2 
+10.5 + 1.1 + 12| + 12 o|+ + I 
+10.7 + 2.1 4] + 14 / + 14 ° 
+10.7 + 2.4 + 5 + 23 | + I + 23 ° 
+10.5 + 2.4 si- 16 | + o|+ 9 
385 +10.8 + 4.0 + 2 7ivr 9 
+11.0 + 4.1 sit t%ti= 4 
+ 9.9 + 5.6 + 2317 rit 2 
388 + 9.9 + 5.6 + + mi] 30] + 8 
+10.0 + 5.7 + 16] — 91+ I 
390 +10.0 + 5.9 + Siwvt 
301 +10.5 + 6.2 + 7 cd 21 + 22 - 3 + 21 - 7 
392 +10.7 + 6.2 + 2 + 7 + 23 10 
+10.8 + 6.0 sir 121+ 32 - 17 
+11.0 + 5.7 + + 241+ 61+ 2it I 
+11.0 + 6.2 + 20 | 20 | + 271+ 8i + 28 | + 
+11 .4 + 6.2 + sir rj + 16 
+11.8 + 6.5 21 mi] + 20) + + 271+ 4 
3958 +11I.9 + 6.2 ° - 19 + 17 ~ 8 + 16 - Io 
300. + 8.9 + 6.7 8 20 + 26 20 18 
eee + 6.5 + 9.2 +0.017 —0.009 | +0.019 | +0.001 +0.019 | —0.004 


a) The mean rotational component is +0”020-+07001; the mean 
radial component, +0%003 +0”001. There seems, however, to be 
a considerable increase of motion with distance from the center. 
We have 


<3’ Mrot.= +0012 Mrad, = +07%006 n= 26 
6’ +0.015 +0.006 100 
6— 9 +0.021 +0.005 103 
Q—12 +0.022 +0.002 98 
I2—I5 +0.024 —0.004 69 
>15 +0.024 —0.015 3 


These rotational components correspond to hypothetical periods 
of from 60,000 to 240,000 years. 
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b) The mean stream component is +0"%020-+0"001, with a 
transverse component —o*’oo3+0001. With the increasing 
distances from the center we find 


r= <3’ stream = +0013 trans. = +0002 n= 26 
3/— 6’ +0.017 +o.001 100 
6— 9 +0.022 —0.003 103 
Q— 12 +0.023 —0.004 98 
12—15 +0.023 —0.009 69 
>15 +0.021 3 


With these measures on M 33 we have reached the end of the work 
which can at present be done advantageously on the internal motions 
in spirals. Only two or three other spirals were photographed with 
the 60-inch reflector between 1910 and 1912, and these objects do 
not show images sharp enough to promise any further advance in 
our knowledge of internal motions. Since it seems wise to defer 
further measures until plates taken with the too-inch Hooker tele- 
scope become available, it is appropriate to summarize and discuss 
the results thus far obtained. 

Seven spirals have been measured, viz., M 33, 51, 63, 81, 94, 1OT, 
and N.G.C. 2403, all of which definitely show an internal motion, 
best interpreted as a motion outward along the arms. ‘The ques- 
tion as to the reality of the displacements, which are very small, 
may be answered first. 

a) The instrument with which the photographs were taken 
was for most of the plates the 25-foot arrangement of the 60-inch 
reflector. ‘That the displacements are instrumental is very im- 
probable; there is no reason why the old plates should differ in 
appearance from the new ones in such a way as to produce a dis- 
placement of the nebular points with respect to the comparison 
stars corresponding to rotational or stream motion. It is true that 
in practically all cases the comparison stars were in the mean 
brighter than the nebular points. This might give rise to a magni- 
tude error, but such an error could produce only a bodily shift of 
the nebular points with respect to the comparison stars, or a radial 
shift due to curvature of the field and the smaller mean distance 
of the nebular points from the center than of the comparison stars. 
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But relative motion along the arms of the spirals cannot conceivably 
be caused by the instrument. Moreover, it would be strange if the 
instrument produced a left-handed twist for the left-handed spirals, 
M 51, 81, and tor, and a right-handed twist for the right-handed 
spirals, M 33, 63, 94, and N.G.C. 2403. Further, three of the plates 
measured were taken with the 36-inch reflector of the Lick Observa- 
tory, and two with the 80-foot arrangement of the 60-inch reflector. 
Last of all, similar motions have been found in M 51 by Kostinsky, 
Lampland, and Schouten, from observations with three other smaller 
instruments. 

b) The possibility that the displacements are due to a dif- 
ference in quality in old and new plates is also extremely small, 
A difference in quality of the images or in the density of the plates 
might cause a slight difference in the bisections, because of asym- 
metry in the images of the nebular points. As a whole, the older 
plates taken by Ritchey are of extremely good quality, and many of 
the newer plates are equally good. Of the Lick photographs of 
M tor, the 1908 plate was considerably better than that of 1899. 
Of the two plates of M 33, taken at the 80-foot focus of the 60-inch 
reflector, the later plate is also of considerably better quality. As 
far as the density of the photographs is concerned, the exposure 
times of the new plates taken with the 60-inch reflector have all 
been made so nearly equal to those of the old plates, that no differ- 
ence in the density can be seen; neither the quality nor the density 
can therefore account for the displacements found. 

c) In measuring the plates, three machines were used: the 
Zeiss stereocomparator, the new stereocomparator built in our 
instrument shop, and an auxiliary instrument used for some test 
measures. For the last, two plates of M 1o1 were mounted side by 
side on the moving stage of an ordinary measuring machine, which 
was fitted with an extra microscope, one for each plate, thus per- 
mitting differential measures. It is clear that defects in the optical 
system of the stereocomparator could never reveal themselves as a 
rotatory motion of the nebular points, without equally affecting 
the comparison stars. Moreover, the effect of such defects would be 


eliminated in the reductions. Further in the case of M 33, 81, 1o1, 
and N.G.C. 2403, three or more plates were measured. As an 
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extra precaution, care was taken in all these cases to measure the 
plates partly with the older plate in the left-hand, and partly in the 
right-hand plate-carrier of the stereocomparator. This precaution 
would also eliminate any influence due to a possible curvature in 
the rails, either horizontal or vertical, that guide the plate-carriers. 
Finally, several other plates measured for proper motion in both 
stereocomparators have never shown any rotational effects what- 
soever. 

d) ‘The measures were practically all made by the author. 
Mr. Nicholson, however, was kind enough to make enough check 
measures on M ror, both with the Zeiss stereocomparator and with 
the auxiliary machine, to avoid any doubt as to the results. Lately 
Mr. Lundmark has carried out measures on M 33, and his results 
seem, as a whole, to corroborate those by the author. Finally, 
there are the measures by Kostinsky, Lampland, and Schouten 
mentioned under (a). 

If, then, the results obtained in all seven spirals measured are 
to be taken as real displacements of the nebular points with respect 
to the comparison stars, as apparently must be done, there are only 
two possible explanations: either the comparison stars show a 
vortex-motion around the spirals, which to say the least is very 
improbable, or the spirals show a rotatory or stream motion. The 
beautiful work of Jeans has given us reason even to anticipate such 
motions. He has shown that, in a highly compressible mass of 
rotating gas, as a gaseous nebula undoubtedly is, we must expect 
shrinking as a result of radiation. The rotation must become faster 
and faster, until the nebula takes on the shape of an oblate spheroid; 
the spheroidal shape, however, is soon departed from, and at a cer- 
tain critical speed a sharp equatorial edge is developed. With still 
further contraction and accordingly higher speed of rotation, the 
particles which form the sharp edge are left behind. It does not 
matter if they are thrown off at all points equally or not. Neither 
rings of gas nor jets of gas, which must appear at two antipodal 
points when other heavenly bodies are present, can be stable; they 
must tend to form condensations or nuclei. In the sky we find 
plenty of examples of development such as just described. ‘Three 
stages are shown in Plate XX, N.G.C. 4486, 3115, and 4565, examples 
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of the nearly spherical nebula," the lenticular figure, and the spiral 
seen edgewise. That N.G.C. 4565 is really a spiral cannot be 
doubted. The universe has revealed so many spiral nebulae inclined 
at different angles to the tangential plane of the celestial sphere 
that it is quite certain M 33 and N.G.C. 4565 belong to the same 
class of objects. That the spirals show rotation around the smaller 
axis has been proved spectroscopically in six or seven spirals whose 
planes are inclined to the celestial sphere. No object tested thus 
far has shown a lack of rotation. It thus seems only logical to inter- 
pret the displacements observed in those spirals which are viewed 
perpendicularly to their planes as motions corresponding to the rota- 
tion found spectroscopically. In only two of the spirals measured has 
it been possible to detect spectroscopic motion as well. Some of the 
others form so nearly an angle of go° with the line of sight that no 
spectroscopic results can be expected, while others are so faint that 
no spectroscopic results have as yet been secured. For M 81 Wolf? 
has observed rotation in the central nebulous part within which it 
has been impossible to secure measures from the photographs. 
For M 33, however, it has been possible to observe both the radial 
velocity and the motion perpendicular to the line of sight for the 
same point, viz., the bright knot 10’ mf the nucleus. Taking into 
account the probable inclination of the nebula with respect to the 
tangential plane of the celestial sphere, we can gain some idea of 
the order of the parallax of the nebula; the result is t=o‘o005. 
Happily there are other means for obtaining an idea of the dis- 
tances of spiral nebulae. Jeans has shown that mathematical theory 
not only predicts that condensations will form in the arms of the 
nebula, but also predicts how far apart these condensations will be. 
The comparison of these calculated mean distances with the mean 
distances as they appear in the sky provide a second means of esti- 
mating the distances of the nebulae. In this way Jeans’ estimated 
t Although it cannot be decided whether this particular nebula is a spherical 
object or a disk perpendicular to the line of sight, the large percentage of round or 


nearly round nebulae found among the structureless objects makes it probable that 
many of these are spherical. 


2 Vierteljahrsschrift der Astronomischen Gesellschaft, 49, 162, 1914. 
3 The Nebular Hypothesis and Modern Cosmogony: Being the Halley Lecture 
delivered on 23d May 1922, Oxford, 1923. 
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the parallax of the Andromeda nebula to be o%0006; of M ror, 
o“oo1r; and of M 51, 

We have further possibilities of estimating the mean parallax of 
the larger spiral nebulae. Curtis' gives 07033 as the average annual 
motion of sixty-six large spiral nebulae. In a recent paper? I have 
shown that Curtis’ results cannot be due to the influence of acci- 
dental errors as was once assumed by Curtis himself. Comparing 
this mean proper motion with the mean radial velocity of about 
thirty objects (600 km/sec.) for which the line-of-sight motion has 
been determined, we derive a mean parallax of of00026. Finally, 
we may quote again the values recently derived for the mean 
parallax of sixty-seven and eighty-two spirals whose motions were 
determined by Curtis and Lundmark, respectively. Using 600 
km/sec. for Campbell’s K-term, the mean parallaxes are 0700013 
and o”%oo0015, respectively. 

All this material seems to point to parallaxes for the larger spiral 
nebulae between a few ten-thousandths and a few thousandths of a 
second of arc. With such values the diameters of the spirals range 
from a few light-years to several hundred light-years. Since our 
present estimates of the Milky Way system vary, according to 
different authorities, from 20,000 to 300,000 light-years, it is clear 
that the present material indicates that the spirals, while enormous 
in size as compared with our solar system, are not at all comparable 
with the Milky Way system. 


In concluding, I wish to express my sincere thanks to Messrs. 
Ritchey, Pease, Humason, and Duncan, who have secured the neces- 
sary photographs to carry out this work, and to Miss Davis and Mrs. 
Marsh, of the Computing Division, who have assisted in the numerous 
reductions involved. 

Mount Witson OBSERVATORY 

March 1923 
t Publications of the Astronomical Society of the Pacific, 27, 217, 1915. 


2 Mt. Wilson Contr., No. 243; Astrophysical Journal, 56, 208, 1922. 
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THE VACUUM-SPARK SPECTRUM OF SILICON 
By R. A. SAWYER anp R. F. PATON 
ABSTRACT 


Vacuum-spark spectrum of silicon, \ 6700-X 2100.—Silicon electrodes less than a 
millimeter apart were mounted in a suitably designed brass box with a quartz window, 
the best obtainable vacuum was produced, and a highly condensed spark was obtained 
by the use of 70,000 volts. Lines of iron, aluminum, calcium, and oxygen and the 
strongest lines of hydrogen, nitrogen, copper, zinc, and titanium appeared as impurities. 
The wave-lengths of 227 lines attributed to silicon in the region \ 6700-A 2100, together 
with the measurements of other observers, are given in Table I. An additional 75 
lines, listed in Table LI, are given as doubtful, since they were faint lines appearing on 
only one plate. In the intervals \ 6700-\ 5500 and A 4070-A 3400 the wave-lengths 
are believed to be accurate to within o.2 A and in the intervals \ 5500-\ 4070 and 
XA 3400-A 2100 to within o.1 A. 


I. INTRODUCTION 


Silicon is one of the most widely distributed of all the chemical 
elements, but is difficult to isolate in a pure state. Moreover the 
slight conductivity of pure silicon renders its use with ordinary 
light sources very difficult. It is not surprising, then, that most of 
the earliest spectroscopic work on silicon was done with its com- 
pounds only. Kayser’ has summarized all of the important work 
on silicon up to 1912. The first work Kayser mentions dates back 
as far as 1859, when Pliicker investigated the light given off by an 
electrical discharge in various gases and vapors in a Geissler tube. 
Using silicon chloride, Pliicker found four lines which he attributed 
to silicon. Of those who followed, Rowland was the first to point 
out the presence of silicon in the sun, and Lockyer identified silicon 
lines in the spectra of many of the stars. Up to 1912, however, 
none of the work on silicon seems to have been particularly satis- 
factory. 

The most recent work on the spectrum of silicon was done by 
Sir William Crookes? in 1914. He succeeded in obtaining some 
rather pure samples of silicon, and using a condensed spark between 


* Handbuch der Spectroscopie, 6, 478-494. 


2 Proceedings Royal Society, Series A, 90, 512-520, 1914. 
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electrodes of this silicon, photographed the spectrum with a prism 
spectrograph. The rapid oxidation of the silicon made it very 
difficult to maintain the spark and necessitated long exposures. 
His work covered the region \ 6500 to A 2100 and he published the 
wave-lengths of 43 lines, including most of the lines previously 
recorded. ‘This investigation was the most thorough work that had 
been done on silicon up to that time. Since the work of Crookes, 
Fowler’ has mentioned observing four lines in the visible region 
of the spectrum, not previously observed; and McLennan? has 
extended the investigation into the extreme ultra-violet, cataloguing 
some seventeen additional lines. 

A comparison of the results of all the work that has been done 
on silicon brings out the fact that no two observers have the same 
list of lines, and also shows that even in the lines that have been 
recorded by several observers, the disagreement in wave-length 
seems almost unaccountably large. This disagreement may be 
partly accounted for, however, by the fact that many of the silicon 
lines are especially broad and hazy when produced at atmospheric 
pressure. 

The importance of having accurate and complete results on the 
spectrum of silicon can well be realized when one considers the wide 
terrestrial distribution of this element, as well as the fact that its 
presence in many of the stars has been definitely established. Com- 
plete and accurate data on the spectrum of silicon are also desirable 
to throw new light on its spectral series, the details of which have 
not yet been completely worked out. With the discovery of the 
vacuum-spark, a new source of light became available that seemed 
to have particular advantages in this problem. The use of the 
vacuum-spark in extending the spectrum into the extreme ultra- 
violet,3 had given results which led to the expectation that it might 
give new information in the rest of the spectrum. With this in 
mind, it was decided to photograph the vacuum-spark of silicon 
in the region covered by Crookes, hoping that the results might 
give more accurate information concerning the wave-lengths of some 

* Monthly Notices, 74, 196-197, 1916. 

2 Philosophical Magazine, 30, 482-484, 1915. 


3 Astrophysical Journal, 52, 286-300, 1920. 
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of the lines and even add to the already known list. In adapting 
the vacuum-spark to silicon, it was found necessary to use high 
voltage and extremely good vacua; but once obtained, the spark 
was brilliant, of a reddish yellow color, and resembled the vacuum- 
spark of carbon. 


II. DESCRIPTION OF APPARATUS AND MANIPULATIONS 


A 100,000-volt closed-core transformer gave the necessary vol- 
tage. Energy was supplied to the primary from a 110-volt power cir- 
cuit, and controlled by a heavy rheostat in series with the primary. 
To prevent overheating the transformer and the silicon electrodes, 
a commutator switch was placed in the primary and adjusted so 
that the current was automatically turned on forty times a minute 
for about one half a second at a time. One terminal of the high 
voltage transformer was connected directly to one of the electrodes; 
the other terminal was grounded. By grounding the second elec- 
trode, the circuit was completed with only one line charged to a 
dangerous voltage. 

In order to have a large amount of energy available when the 
spark passed, a capacity consisting of five glass condensers, im- 
mersed in oil and connected in series, was placed in parallel with 
the gap. This arrangement gave a capacity of the order of magni- 
tude of one one-hundredth of a microfarad, while the voltage over 
any one condenser was not sufficient to puncture the glass dielectric. 

The vacuum was obtained with two mercury diffusion pumps 
designed to work in series, and a small oil pump as a pre-pump. 
The vapor pressure of the mercury at room temperature was too 
great to permit a sufficiently high vacuum to be obtained. To 
reduce this vapor pressure, a glass trap was sealed in between the 
spark box and the pumps. When this trap was immersed in 
liquid air, the pressure due to any vapors present was sufficiently 
reduced so that vacua could be obtained that would remain non- 
conducting for sparking voltages of roughly 70,000 volts with a 
spark-gap length of less than one millimeter. It was found that, 
with the pumps working well, such a vacuum could be obtained in 
about five minutes. The pressure was then of the order of magni- 
tude of one ten-thousandth of a millimeter of mercury or less. 
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Since the spark box was heated somewhat by the spark radiation, 
and the electrodes themselves heated to a white heat the instant 
the spark passed, frequent adjustments of the spark were necessary. 
To accomplish these adjustments without opening the box, the 
electrodes were mounted eccentrically in insulating plugs ground 
into brass tubes soldered to opposite ends of the box. ‘The elec- 
trodes could then be rotated inside the box without affecting the 
vacuum. One electrode was mounted on a nut which ran on a shaft 
that could be rotated from the outside in such a way as to move 
the electrode in or out as desired, and thus regulate the distance 
between the electrodes. The box was made with one removable 
side. Leakage was prevented by the use of a rubber gasket and a 
rubber stopcock grease prepared for the purpose. ‘This removable 
side made it possible to renew the electrodes and clean the windows 
through which the spark was photographed. 

The electrodes themselves consisted of small pieces of elementary 
silicon mounted in brass clamps. Pure silicon is very hard and 
brittle, and the electrodes could be shaped to rough points only by 
chipping. ‘The silicon was very kindly furnished by the Carborun- 
dum Company of Niagara Falls, who also furnished that used by 
Crookes and McLennan. 

With the electrodes adjusted so that they were all but touching, 
a spark could be obtained with a comparatively poor vacuum. This 
spark was very feeble; for most of the energy available was dissi- 
pated by conduction through the gas remaining in the box. With 
the best vacuum that could be obtained, the distance between 
the electrodes could be made somewhat larger, but never more 
than about a millimeter for silicon electrodes. The spark under 
these conditions was extremely brilliant. The electrodes became 
white-hot almost instantly, and some of the silicon was vaporized, 
eventually fogging the windows through which the spark was photo- 
graphed. If the power was kept on for more than a second at a 
time, occluded gases from the electrodes and their insulators were 
given off in sufficient quantity to stop the spark. In spite of the 
very refractory nature of silicon, the electrodes were worn away 
rapidly, and frequent adjustments and renewals were necessary. 

To photograph the spark, two spectrographs were used, both of 
which were designed and built during the course of this research. 
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The region \ 6700 to \ 4070 was photographed by a glass spectro- 
graph of the Littrow type. <A 3-inch telescope objective lens with 
a focal length of roughly 24 inches was used. It was a cemented 
doublet and gave a reasonably flat field. The refracting angle of 
the prism was 60°, and its face about an inch and a half across. 
The entire region \ 6700 to \ 4070 was photographed on a 5-inch 
plate. Exposures with this instrument extended sometimes over 
15-hour periods, making it necessary to house the entire spectro- 
graph to prevent shifts due to changes in temperature. 

The region \ 4100 to \ 2100 was photographed by a quartz 
spectrograph of a type first described by Fabry and Buisson." In 
this instrument, the slit was mounted directly over the middle of 
the prism. A platinized concave mirror of 32-inch focal length rt 
served to collimate the light from the slit. The prism consisted ae 
of a cemented doublet of right and left quartz—the whole having . 
an oblong face 1.75 inches high and a refracting angle of 60°. 
The light, after passing through the prism, was focused on the 
plate by a quartz lens whose focal length was 35.7 inches for the 
“PD” lines. The use of only one quartz lens has the advantage of 
making the focal plane of the instrument more nearly perpendicular 
to the axis of the lens, since the collimating mirror insures paral- 
lelism of the beams of every wave-length incident on the prism, 
The inclination of the plate is due wholly to the variation with 
wave-length of the focal length of the camera lens. Thus, in this 
instrument, the photographic plate is at an angle of 45° to the 
axis rather than at 30°, as in an instrument of similar power but 
using a single quartz collimating lens. A shorter plate is thus 
used and yet the increased sharpness of the lines due to the lesser 
inclination more than offsets the shortness of the spectrum. With 
the quartz instrument, the whole region from \ 6000 to \ 2000 was 
photographed on a to-inch plate. Only the region \ 4100 to X 2000 
was sufficiently dispersed, however, for satisfactory measurements. 
The copper line at \ 1944 has been photographed with this instru- 
ment, but no lines below \ 2100 were observed in the silicon spec- 


trum. 
For the region \ 6700 to \ 4070, radiation from the spark was 
focused on the slit with a lens. In order to be sure that the radia- 


t Journal de Physique, 9, 929, 1910. 
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tion from the iron comparison arc would enter the slit at exactly 
the same angle as that from the vacuum-spark, the arc was placed 
beyond the spark box and on the extension of the line joining the 
slit and the silicon spark gap. <A short focus lens formed an image 
of the arc between the spark electrodes. This insured identity of 
source for the known and unknown spectrum. ‘The iron arc was 
used as a standard, as very complete data on the wave-lengths of 
these spectral lines are now available. ‘These data were taken from 
results obtained at Mount Wilson’ and at Bonn,? Germany. For 
the quartz instrument, no external source comparison was necessary 
as it was found that the iron occurred as an impurity in the silicon. 
An iron comparison spectrum was photographed on the plate, how- 
ever, to help in identifying the spark lines. 

For the visible region, a special type of panchromatic plate, 
manufactured by Ilford, London, England, was found most satis- 
factory. Ordinary Seed plates were used in the ultra-violet. 

In order to guard against any possible error due to changes in 
the optical set-up during any one exposure, the iron comparison 
arc radiation was admitted to the spectrograph at the beginning, 
at the end, and eight to ten times at intervals during the exposure. 
This precaution was not necessary, of course, with the ultra- 
violet plates, as sufficient standard lines existed as impurities in the 
silicon spark itself. 


III. MEASUREMENTS AND RESULTS 

The plates were measured on a large engine kindly made avail- 
able by the Detroit Observatory of the University of Michigan. 
The reductions were made by using the Hartmann interpolation for- 
mula, and the final wave-lengths expressed in International Ang- 
stroms. The results show that the probable error for the region 
d 6700 to A 5500 is about 0.2 angstroms; from \ 5500 to A 4070 less 
than 0.1 angstroms; from \ 4070 to A 3400 about o.2 angstroms; and 
from \ 3400 to A 2100 less thano.1 angstroms. It is unfortunate that 
only two plates were obtained with the quartz instrument and the 


Astrophysical Journal, 53, 260, 1921. 
a Zeitschrift fiir Wissenschafiliche Photographie, 12, 207-235, 1913; and 19, 149- 
157, 1919. 
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possible error is therefore larger in the region \ 4070 to X\ 2100. 
The results from \ 6700 to \ 4070 are the mean observations from 
eight plates and are correspondingly more reliable. 

In general, conclusions as to the accuracy of the present work 
were drawn from the variation in wave-lengths of the lines between 
individual plates, and from the accuracy with which determinations 
were made on impurity lines of known wave-length. It is of inter- 
est to note, in considering the accuracy, that interferometric meas- 
urements of wave-length have been made by Fabry and Buisson on 
three ultra-violet silicon lines.' The following table shows the com- 
parison of their results with the present work. 


Fabry and Buisson Vacuum-spark Intensity Difference 
2528.516 2528.50 5 0.016 
2506.904 2506.90 4 0.004 
2435.159 2435.17 5 O.OI1 


Such an agreement as this leads to the belief that the error esti- 
mates given above are, at least for the strong lines, conservative. 

Altogether over 700 lines have been measured in the spark spec- 
trum of silicon, and of this number some 400 have been identified 
as due to the elements which occurred as impurities in the source. 
This leaves a list of more than 300 lines that have been ascribed to 
silicon. Of this number, 75 are classified as ‘‘doubtful”’ lines (see 
Table II). These lines are mostly very faint and have been observed 
on one plate only. Although the possible error in their wave-lengths 
may be somewhat larger than for the rest, and in many cases their 
actual existence may be in doubt, still they have been listed, and 
evidence is in favor of retaining them. ‘The photographs were 
taken under varying conditions as to exposure time, voltage used 
on the spark, length of spark gap, plate developing, and kind of 
plate; and many other lines, equally faint, have been measured and 
found to be due to impurities. The main list (Table I) contains 
only those lines concerning which there can be little doubt. All 
possible impurities have been very carefully checked, and where 
there was any reasonable doubt, the line in question has been 
eliminated. ‘There still remain in this list some 224 lines where 
previously less than 80 had been observed. 


t Astrophysical Journal, 27, 169, 1908. 
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The wave-lengths are given in International Angstrom Units, 
whereas those by other observers are in the Rowland System. In 
general, the wave-lengths agree fairly well. In some cases, how- 
ever, there exist variations of more than an angstrom. Such dis- 
agreement is hard to explain, and no such disagreement has been 
found in the results from the various plates measured during the 
course of the present work. The lines in most cases are sharp. 
General fogging of the plate due to band spectra of nitrogen or 
carbon, such as occurs in the ordinary spark in air or in the carbon 
arc, is entirely absent. Faint lines that under ordinary conditions 
would be obliterated, are, under the conditions of the vacuum-spark, 
measurable. 

Of the impurities that appeared, only a very few can be attrib- 
uted to remnants of gases in the vacuum chamber. ‘The hydrogen 
line, Ha, showed faintly on only a few plates; H8, on two plates; 
Hy, and the remaining hydrogen lines, not at all. A few of the 
strongest mercury lines were recorded, and five of the strongest 
nitrogen lines. The strongest copper and zinc lines appear, coming 
probably from the brass clamps in which the silicon was mounted— 
there was usually a little sparking from the clamps. The lines 
which appeared due to impurities in the silicon itself are more 
numerous. In the visible, a few of the strongest iron lines appeared, 
but in the ultra-violet practically the entire spark spectrum of iron 
was observed. The appearance of the iron spectrum made unneces- 
sary the use of a separate iron arc comparison, and eliminated any 
possibility of lack of identity in position of the silicon and the 
comparison source. ‘Titanium, which Crookes mentioned as the 
principal impurity, appeared not at all in the visible, while only a 
few of the very strongest lines showed faintly in the ultra-violet. 
The entire spectrum of aluminum appeared in the visible, together 
with all but a few of the fainter arc lines in the ultra-violet. Of the 
two new aluminum lines observed by Shallenberger,’ the one at 
X 4150 came out strongly on all the plates, but the other one, at 
d 2907, showed not at all. All of the strong oxygen lines appeared 
faintly, denoting probably a trace of oxide in the sample. One 
boron line showed, and a few carbon lines. The sodium D 


' Physical Review, 19, 398-399, 1922. 
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lines appeared extremely faint. H and K of calcium appeared 
strong, together with the calcium line at \ 4227. Most of the other 
strong calcium lines appeared on some of the plates. The resonance 
lines of magnesium, barium, and strontium, described by De 
Gramont' as “‘raies ultimes,” were also photographed. The char- 
acter of the impurity lines showed that while arc lines certainly 
appear in the vacuum-spark, the spectrum which it gives tends to 
emphasize the spark lines. 

There is, of course, the possibility that some of the new lines 
found are due to impurities and not to silicon. To guard against 
this possibility, the vacuum-spark spectra of aluminum and of 
carbon were photographed and checked against the silicon plates. 
Only the aluminum line, \ 4150, however, was thus eliminated. 
The vacuum-spark spectra of iron, calcium, magnesium, and 
titanium were photographed through most of this region by Miss 
Carter,’ who did not report any new lines. As the principal impuri- 
ties occurring in the source used in this work are thus covered, the 
possibility that any of the new lines are due to impurities seems 
slight. 

In comparing the results obtained, with those of previous observ- 
ers, the number of new lines found is surprising. With but one 
or two exceptions, all the lines that have ever been found, either in 
the arc or spark of silicon, have been photographed. A few of the 
lines ascribed by some to silicon have been assigned to impurities. 
Special note is made of these lines in Table I. The intensities are 
estimated arbitrarily, but give some insight into the nature of the 
lines, and agree in the main with others. Strangely enough, though, 
the most intense line in the ultra-violet, \ 2541.91, has been missed 
by some observers, and no one before found it to be the strongest. 

Time has not permitted a study of the lines for possible series, 
but the spectrum certainly contains many doublets and some 
triplets of constant frequency difference. The most conspicuous 
is the set of doublets having a frequency difference of 60 waves 
per centimeter. Sixteen of these doublets have been observed. 
Among the triplets, the difference — 74 —34-— occurs five times with 


* Comptes Rendus, 171, 1105-1109, 1920. 
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TABLE I 


Wave-Length in 
1.A. Units 


Intensity 


Rowland 


Exner and 
Haschek 


De Gramont 
and C. de 
Watteville 


Eder and 
Valenta 


Crookes 


$900.08 
2990.92 


HO 


2208.048 
2210.987 
2211.839 
2216.882 
2218. 227 


cee 


a 
|| 
a 
> an 2208.0) | 2208.06 | 2208.8 2208.1 
2210.94 2210.97 2211.0 2210.9 
2211.76 2211.84 2212.0 2211.8 
2216.76 2216.75 2217.2 2216.76 
2218.15 2218.13 2218.7 2218.15 
2435.25 2435.27 2435.6 2435.25 | 2435.212 
2438.86 2438.87 2429.4 2438.86 | 2438.911 
2443-40 2443-47 2443-5 2443.46 | 2443.484 
3 ee 2452.22 2452.23 2452.5 2452.22 | 2452.219 
2506.99 2507.01 2506.8 2506.99 | 2507.055 
2514.42 2514.41 2514.3 2514.42 | 2514. 4006 
2516.21 2516. 26 2516.0 2516.21 | 2516.131 
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Wave-Length in 
LA. Units 


Intensity 


Rowland 


Exner and 
Haschek 


De Gramont 
and C. de 
Watteville 


Eder and 
Valenta 


Crookes 


FOR 


2519.30 
2524.21 
2528.60 


2519.30 
2524.21 
2528.60 


2519. 276 


— 
9590. 28....... 2519.30 | 2519.2 
2524.21 | 2524.3 2524.110 
2528.60 | 2529.0 2528. 585 
9532.48....... 2532.45 | 2533.0 
2541.90 |..........] 2541.89 | 2541.970 = 
4 2631.39 | 2631.38 |..........] 2631.39 | 2631.370 
2881.70 | 2881.73 | 2881.7 | 2881.70 | 2881.690 
2987.77 2987.77 2987.8 2987.77 | 2987.750 
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TABLE I—Continued 


Wave-Length in 
1.A. Units 


Intensity 


Rowland 


Exner and 
Haschek 


De Gramont | 


Eder and 


Crookes 


NH HH OOH NH DH 


3905.66 


and C. de 
Watteville | Valenta 
3191.1 
| 

3791.5 3791.1 

3790.0 3795-9 

| 3826.7 
| 3834.4 

3054.00 

3856.0 | 3856.20 

3862.5 | 3862.75 


(1) This line apparently due to copper. 
(2) Lines in these positions attributed to iron. 
(*) A line here too faint to measure accurately. 


4 
3806.60....... 3806.90 3806. 802 
(2) 9 
3856.09....... .....| 3856.19 3856. 193 
3905.71 3905.7206 
€ 


VACUUM-SPARK SPECTRUM OF SILICON 


TABLE I—Continued 


291 


Wave-Length in 
1.A. Units 


Intensity 


Rowland 


Exner and 
Haschek 


De Gramont 


~ 


HH OF COOK OR W 


4128.20 


4131.192 


4552.841 
4568.123 
4574-823 


5057 .832 


5045.5 | 5042.4 | 5042.715 
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TABLE I—Continued 


Wave-Length in 
I.A. Units 


Intensity 


Rowland 


Exner and 
Haschek 


De Gramont 


Crookes 


OF HH HH OOH NH HH 


HHP HON 


* Observed also by A. Fowler, “Silicon Lines in the Spectra of B-type Stars,” Royal Astronomical 
Society, Monthly Notices, '76, 196-197, 1916. 
t Observed also by A. Fowler (ibid.). 


a possible sixth. Several other frequency differences have been 
observed, but unless series can be found relating them, their signifi- 


cance may be questioned in many cases. 


omitted. 


For this reason they are 
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an 6342.2 6347.1 6342.2 6346.9 6346. 962 
6378 .09....... 6369.7 6371.4 6369.7 6372.2 | 6371.032 


"ACUUM-SPARK SPECTRUM OF SILICON 293 


In conclusion it may be said that, so far as is known, the present 
work is the only extensive work on the spectrum of silicon which has 
been published in International units. The discovery of so large a 


TABLE II 


VaACUUM-SPARK SPECTRUM OF SILICON 


(A list of doubtful lines observed on one plate only) 


Ware in | totensty tengthin totensity 
° I 
° 2 
I I 
I ° 
I ° 
fo) ° 
I ° 
I ° 
I ° 


number of new lines shows that 


for an element with which it is 


very difficult to get results when the usual light sources are used 
the vacuum-spark is a very powerful source. 
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A SPECTROSCOPIC METHOD OF DERIVING THE 
PARALLAXES OF THE B-TYPE STARS' 
By WALTER S. ADAMS axp ALFRED H. JOY 
ABSTRACT 


Spectroscopic method of delermining the absolute magnitudes of B-type stars. —The 
correlation between spectral type and absolute magnitude found to exist in the case of 
stars of the A-type of spectrum has been extended to those of the B-type. The spectro- 
grams of 300 such stars have been classified as accurately as possible, according to 
the Harvard system, and the character of the lines has been indicated as nebulous or 
sharp. With the aid of absolute magnitudes derived (1) from trigonometric parallaxes, 
(2) from the moving clusters Pleiades, Perseus, Orion, and Scorpio-Centaurus, (3) from 
mean values obtained by Plummer, Charlier, Kapteyn and others, the correlation 
between type and absolute magnitude has been established for these stars. The 
agreement found in this way is satisfactory. The mean difference between spectro- 
scopic absolute magnitudes and those for the four moving clusters is —o.2, and for 
the trigonometric values +0.4. The principal uncertainties arise in the case of the 
O-type stars and the early B-stars with sharp and diffuse lines. 

The mean spectroscopic absolute magnitudes for 299 of the stars have been com- 
; pared with the reduced proper motion 0.2 m+log u, the stars being divided into 12 
q groups for this purpose. The curve found in this way is nearly a straight line except 
for the stars of extremely small proper motion. This result yields valuable evidence 
for the accuracy of the method and indicates that the reduced proper motion can be 
used to derive the absolute magnitudes of these stars with a considerable degree of 
precision, 


In a recent publication? we showed that the individual parallaxes 
: of the A-type stars could in most cases be determined with a 
satisfactory degree of accuracy from their spectral types, A close 
correlation was found to exist between absolute magnitude and the 
subdivision of the A-type of spectrum based upon the Harvard 
system of classification. It was stated that similar considerations 
coull probably be applied to B-type stars and the purpose of this 
communication is to show the results of such an application to 
about 300 stars of this type for which we have obtained spectrograms 
at Mount Wilson. 

The first step in this investigation, as in the case of the A-type 
stars, was an accurate determination of spectral type. The 
Harvard system was followed as closely as possible and use was made 


. a of spectrograms of typical stars for reference purposes. ‘The results 
g * Contributions from the Mount Wilson Observatory, No. 262. 
f 2 Mt. Wilson Contr., No. 244; Astrophysical Journal, 56, 242, 1922. 
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show, in general, close accordance with the spectral types of the 
Revised Draper Catalogue. The principal differences come in 
types B5 and B8, and it is evident that, if the successive subdivisions 
from Bo to Bg are to be considered as equal steps, the interval from 
B5 to B8 is too large as compared with similar intervals preceding 
and following. Thus the difference in type between B2 and Bs, 
or between B8 and Ao is greater than between B5 and B8. The 
Harvard observers have classified no stars in this interval and it 
seems probable that the spectra listed by them as B5 could be 
classed advantageously as B7 and the other subdivisions revised to 
correspond. We have in addition adopted provisionally in the 
case of the Harvard stars of type Oe5 the nomenclature suggested 
by H. H. Plaskett,' using the notation O5, 06, etc., to indicate the 
dark line stars immediately preceding Bo. The spectra have 
further been characterized by the letters ‘‘n’’ and ‘s”’ to indicate 
nebulous or diffuse and sharp lines, respectively. 

The correlation of these spectral types with absolute magnitude 
was first attempted through the use of trigonometric parallaxes 
and those derived from moving clusters such as the Pleiades, 
Orion, Perseus, and Scorpius. <A_ satisfactory relationship was 
obtained in this way, but it seemed desirable to make use in addition 
of the important statistical investigations of Plummer,’ Charlier,’ 
Kapteyn,? and others on the mean magnitudes of the B-type 
stars. Accordingly, their values, which, as is well known, show 
clearly the decrease in absolute magnitude with advancing spectral 
type, were combined and assigned high weight in the construction 
of our reduction curves. 

Since many of the trigonometric parallaxes of the B-type stars 
are negative, it is not possible to compute the absolute magnitudes 
of the individual stars in all cases. Accordingly, the procedure 
adopted has been to divide the stars into groups with a small range 
in spectral type and to compute the average absolute magnitude 
for each group on the assumption that the sum of the errors of the 

* Publications of the Dominion Astrophysical Observatory, 1, No. 30. 

2 Monthly Notices of the Royal Astronomical Society, 73, 174, 1912. 


3 Meddelanden fran Lunds Observatorium, Serie Il, No. 14. 


4 Mt. Wilson Contr., No. 147; Astrophysical Journal, 47, 255, 1918. 
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trigonometric parallaxes for the stars in each group is zero. The 
formula used is one derived by Stromberg and has the form 


M=5+5 log =7,—5 log 


where M is the required absolute magnitude, 7 the observed 
trigonometric parallax, and m the apparent magnitude. 
The final values upon which our curves are based are as follows: 


MoviINnG CLUSTERS AND TRIGONOMETRIC PARALLAXES 


Bo.5n —2.8; B1.8n —1.4; —0.6; B5.3n —o0.1; B8.2n +0.3 
B1.7s —1.9 B8.4s —o.1 


MEAN ABSOLUTE MAGNITUDES FROM STATISTICAL INVESTIGATIONS! 


OstoOg —1.8; Br —2.4; B4 —0.9; B8.5 0.0; Ao +0.4; A2 +1.3 


In addition to these values those furnished by the curves for 
the A-type stars are available for stars of type B8 or later. These 
are in good agreement with the results of Plummer and have been 
adopted directly. 

Two outstanding difficulties are the absolute magnitudes of the 
O-type stars and the question of the difference in absolute magnitude 
between stars of the early types with sharp and diffuse lines. The 
material is insufficient for a definite answer to either. The investi- 
gation of Gyllenberg? on stars of Harvard type Oe5 would indicate 
that their average absolute magnitude is considerably fainter than 
the probable value for Bo and Br stars. Accordingly, we have 
made a turning point in our curves at Bo which would bring them 
into agreement with Gyllenberg’s result at about O8. The values 
for these stars must, however, necessarily be uncertain. 

Our investigation of the A-type stars showed that the average 
absolute magnitude of those showing sharp lines was about 0.7 
magnitude brighter than that of stars with diffuse lines. This 
applies to spectra as early as B8. In the case of stars of types 


t These include the results of Plummer, Charlier, Kapteyn, Dyson, Gyllenberg, 
and Malmquist. 

2 Arkiv for Matematik, Astronomi och Fysik, K. Svenska Vetenskapsakademien, 16, 
No. 24. 
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Bo to Bs, however, the question is very doubtful on account of 
the small amount of material available for study. There is some 
indication from a number of stars in Orion of average type about 
Bz that the stars having sharp lines are somewhat brighter than 
those with diffuse lines. We have made a partial compromise 
by drawing two curves, one for stars of each class of lines, which 
come together at Bo. The procedure is somewhat arbitrary, but 
probably no very serious error is introduced since the number of 
stars with sharp lines between types Bo and Bs is small. It is 
quite possible that some of the stars in Orion which have sharp 
spectral lines and great intrinsic brightness, such as y Orionis, may 
resemble the c-class of stars of high luminosity to which 6 Orionis 
of type B8 belongs. In the absence of other data, however, they 
have been included in our list. 

The values resulting from our reduction curves are as follows: 


TABLE I 

Spectrum | Diffuse Sharp 

—2Ms —2Ms5 
—0.9 —1.5 
+1.3 +0.6 
| +1.7 +0.9 


These values have been used in the determination of the absolute 
magnitudes of 300 stars of the O and B types for which we have 
spectrograms at Mount Wilson. The list is given in Table II. 
The c-stars have been included, although it may prove that as in 
other types these stars require separate treatment. 
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TABLE II 


| SPECTRUM 
Boss No. | m M — 
| MW. | ELD. 
o”oro | Bon BS +o.5 | +o"o10 
5.5 .034 Bon +0.5 .O10 
52. 6.0 | .028 Bos Bo —0.2 .006 —0.022¢t 
5-4 .O17 Bsn B3 —o.6 .006 
5.4 | .o16 B8sn Bo +0.3 fo} fe) 
| .O21 B8n Bs 0.0 
124.. 5.9 | .028 B3s B3 | =a-3 .003 
5.4 | .022] Bos B8 | —o.2 .008 
| .o14 | Bon Bg | +0.5 .O10 
22 es | .039 Bos Bo } —0.2 .007 
6.5 | .038 Bos Bo —0.2 .007 +o.010 g 
27 Bsn B8 +0.3 . 009 
| .028 Bos BS —0.2 .006 
ee 5.8 | .025 | Bon Bo | +0.5 .009 +o.017 t 
6.2 | o1r | Bon Bo | +0.5 .007 
5.4 | | Bos B8 | —o.2 008 +o0.013 g 
2.8 .035 B3n B3 | .005 _+0.009 g 
3.4 | .043 | Bsn B3 | 
5.0 | Me} fe) B8s B8 —o.6 .008 
Pe 5.6 | .o10 | cB6s Bsp —o.8 .005 | 
| 5.0 | .041 | Bon B8 +o.2 
488......| 6.4 | o13 | B7s Bap —o.8 004 
507 6.4 | .o15 | Bas Bip —2.0 | .002 
| 6.7 .O13 | cB3s Bo —1.6 | .002 
6.1 | .005 | Bss B5 —1.0 | 004 
| 
7:0 | . 009 B8p —o.6 .003 
6.2 | .O12 Bin B2 |} —2.8 .002 
5.5 | .o1g B8n Bs +o.2 .009 | 
.022 Bon B5 | —o.6 .007 | 
648. 5.5 | Bsn Bs —0.4 .007 | 
666. ae | .054 | Aon A2 +0.7 .O12 | 
5.4 | 043 Bsn Bs 0.0 .008 | +0.01I0g 
.O17 Bon Bo +0.5 | .O10 
692. 5.6 | .o16 B8s Bs —o.6 | .006 
699. 5.8 | .006| Bogs Bg —0.2 | .006 
| ee 5.6 | .038 Bon Bo +0.5 .o10 | +0.009g 
5.5 | .039| Ars Ao +o.8 | 
5.4 | 038 | Bs 0.0 | +0.009 g 
742. 5.3 | 045 | B4n B3 —o.8 | .006 | +o.o1r g 
4 .O41 B4n B3 —o.6 | .007 +0.010 g 
767 a a .036 Bsn B3 | —0.4 | .007 +0.009 g 
4.9 |  .032| Bas Bs —1.0 | 007 +0.008 g 
783. 5.6 | o49 | Bon Bs —o.2 .007 +o.o11 g 
790 4.7 | .C44 B3n Bs —o.8 .008 +0o.010 g 
791. 5.3 | .033 | Aon A2 | +0.9 | 013 | 
' | 
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TABLE IIl—Continued 
SPECTRUM 
Boss No. m M 
M.W. H.D. 
0” 021 Bon Ao +o.5 | +o"or2 
.040 B&s B8& —0.4 .007 +0.010 g 
5.8 Bin B3 —2.4 002 
ee 5.6 .032 | B8n Bs 0.0 008 +0.008 g 
.046 Bsn Bs 0.4 020 g 
839. 5.0 .O15 Bis B2 —2.3 .003 
.O19 B8n B8 +0.3 .009 
3.8 053 B8n B8 +o. 2 .O19 +0.014 g 
ee 5.6 .057 Bon B8 +0.5 O10 
4.4 .049 | Bs —o.I O13 +0.013 g 
.O17 Bon B8 +0. 5 .O12 
4.0 .054 Bos Bs —0.2 .O14 +0.014 g 
ae 5.8 044 | Bon B8 +0.3 .008 +o.o11 g 
ae 4.2 .059 Bsn Bs —0.4 .O12 +0.015 g 
S69....<..... 3.0 .052 B8n Bsp +0.3 .029 +0.013 g 
872 .059 B8 0.0 .008 
3.8 .053 Bon B8 +0. 5 .022 +0.014 g 
5.2 .053 B8n B8p +0.1 .O10 +0.013 g 
5:9 .OII B3n B3 —0.9 .005 
893.. 6.5 .O12 B7n B8 —o.1 .008 
eee 4.9 .005 Bon Bo +0.5 O13 
039 B4n Bs —o.6 .007 +0.010g 
QO4...... .020 |} Ban B3 —1.2 .005 
3.0 .039 Bin Br —2.0 .O10 —o0.008 t 
4.0 .o18 | O8n Oe5 —2.4 .005 —0.004 t 
996... 5.2 .024 B4n Bs —o.8 .006 
996..... .O13 Bss B3 —1.0 .005 
992. .O14 B4n B3 —0.7 .006 
5.4 Bon Bo +0.5 .O10 
5.4 Bon Bo —0.4 .007 
$O7O.... .O12 Bon Bo 0.0 .007 
.o18 | Ban Bs —0.4 .007 
5-4 .027 B8s Bg —0.7 .006 
1107 4.3 .023 B4n Bs —o.8 .O10 +o.ci8t 
4.4 . 009 Bos Bo —3.0 .004 —0.026t 
0.coot 
3.8 007 Bis B3 —2.3 .006 g 
+0.003 t 
—1.5 .008 | . 
1159 3.9 004 B3s B3 00: |-+0.007 g 
4.7 -145 Aon Ao +0.9 .O17 
i 5.7 02 Bon B8 +0.5 . 009 
5.6 .067 Aon Bo +1.1 .O13 
.o81 B3s B3 —1.5 +o.017t 
5.5 | B3s B3 —1.5 .004 
029 | Ogs Bop —3.0 .002 
1262. O17 B7s Bs —o.8 .O13 +0.007 g 
.045 B5n B3 —0.4 .008 +0.o11 g 
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TABLE Il—Continued 
SPECTRUM 
M.W. H.D. | 
5.6 | B3n B3 —0.9 | +0705 
1284...... 4.6 .005 Bas B3 —2.0 005 +0.007 g 
$203...... 5.9 .O15 Bon Bo +0.7 009 
5.6 Bas B3 —2.0 003 +0.007 g 
e 3.4 .006 Bis Br —2.3 007 +0.007 g 
1303 rf 020 B2s B2 2.0 o18 |-+0.007 g 
ae 1.8 . 180 Bos B8 —0.2 .040 —0.002 t 
6.2 . 009 Ban B3 —o.8 .004 
.O19 Bos Bo 0.0 .007 
1314 4.7 o14 | B3n B2 —0.9 | 008 [—o.o15t 
5.5 .O31 Bon Ao +0. 5 fo) fo) 
¥906......... 5-4 .039 Bon Ao +0.5 .O10 
1396...... O13 B4n B3 —o.8 .005 
.009 B2s B3 —2.0 .003 +0.007 g 
1339 2.5 004 | Bin Bo —2.4 oro | {70-018 
1339C 6.9 .003 —0.4 .003 
4.6 .O12 Bis B3 —2.6 .004 +0.007 g 
7346...... 5.6 006 | B3 —0.6 .006 
¢ 5.4 .007 B3n B2 —0.9 
.032 B3n B3 —0.9 .006 
1357A 4 O8n Oe5 —2.1 .006 
4 1357B 5.6 —1.8 .003 
5.6 . 004 Bas Br —1.8 .003 +0.007 g 
.005 O8n Oes5 —2.1 .003 —o.o16t 
4.6 .002 | Bas B3 —1.4 .006 
5.2 .020 | B6én Br —0.3 .008 
1366A 2.9 .005 | Ogn Oes —2.4 009 
1366B. 7.3 005 —0.2 .003 
=e )+0.008 t 
1.8 .002 Bin Bo 2.4 .O14 \-+0.007 g 
3.0 .028 | Bgn B3p —0.6 .O19 
5.8 .024 B3n Br .004 
1389. 3.6 .OO1 Ogs Bo —2.8 .005 _+0.007 g 
1398...... 2.0 | Bon | Bo —2.8 Pope 
1398B 4.2 .OII —2.4 .005 
4 1399...... 5.0 .o14 | Ban B3 —o.8 007 +0.007 g 
.059 Bon | +0.3 . 006 
, | [+0.029 t 
or 2.2 .006 Bin Bo 2.4 | .O12 +0.007 g 
4.7 .o15 | cBas cBap —2.3 .004 
5.6 .123 B4n B3 —o.8 .005 +0.074t 
5-4 .007 | Bs5s B3 —1.0 . 005 
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TABLE IIl—Continued 
SPECTRUM 
M.W. H.D. 

5.8 o”o41 | Bas B2 —2.0 | +0%003 

.O21 B8n Bo +0.3 .O10 

5.4 O17 Bos Bo —0.2 .008 

6.3 .O13 B4s B2 —1.0 .003 

T6090. 2.0 .007 | Bis Br —2.3 .O14 +o.o12t 
4-7 .008 O8n Oes —2.4 . 004 —o0.004 t 
.O12 B8n B8 +o.1 

023 B8s B8 —0.4 .006 

5.3 .O19 Bon Bs —0.2 .008 

a 5.8 .031 B3s B3 —1.8 .003 

.009 | cBis cBsp —2.8 .007 

4.9 .o16 Ogs Oe —2.8 .003 

1906. 6.5 029 Bon B8 +0.5 .006 +0.006 t 
1906. . 5.6 .042 B8n B8 +o.1 .008 +o.o12t 
3.3 .066 | Bon B8 +0.5 .030 +o0.022t 
6.0 .042 B3n B3 —o.8 .004 

008...... .o16 B2s B3 —2.0 .003 

5.8 024 B3n Bs —0.9 .005 

6.3 .027 B8n Ao 0.0 . 009 

.014 | B3s B3 —I.5 . 004 

.098 | Aon Ao +0.7 

.032 Bon B8 +0.5 O10 

.052 Als B8 +0.6 

.040 | Bon Bo +0.7 

5.0 .O31 B4n B3 —o.6 .008 

26098...... 247 Bon B8 +0.5 .069 +o.055t 
6.1 .021 Aon Ao +0.9 .009 

5-4 074 Aon Ao +0.9 .013 

6.5 .008 Ban B3 —1.2 .003 

5.2 .052 Bon Bo +0.5 

5.0 .054 | Bs5s Bs —1.1 .006 

2907 048 Bo +o.1 .008 

S766. 5.8 .O15 Bon Bo +0.5 .009 

2804...... 2.5 . 009 Bts Bop —2.3 .006 +o0.039t 
9690.....- 6.9 .O13 Bon A2 +0.5 .005 

2866. 5.4 .049 B&n Bo +0.3 .O10 

5.8 B3n B3 —o.8 .005 

4.8 .o61 Bon Bo +0.5 .O14 

5.3 020 | B3n B3 —0.9 .006 

eee 2.4 .110 | Aon A2 +0.9 032 

5.0 .135 | Bon Ao +0. 5 .O13 

eee 6.0 .054 | Aon A3 +0.7 .009 

.027 | Bon Bo +0.7 .O13 

eS eee 6.3 .039 | Aon Ao +0.7 .008 

2.2 .055 B3n B2 —0.9 .038 
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TABLE IIl—Continued 
SPECTRUM 
S 
Boss No m M Tric, 
M.W. H.D. 

S666... 6.2 o”053 | Aon Ao +0.9 | +0009 
5.2 .064 Bon B8 —0.4 .008 
Ce 5.6 044 Bos Bo —0.4 006 
2.6 .049 B3n B3p —1.0 O19 +0.013 g 
5.8 .026 Aon Bo +0.9 fo} fe) 
6.4 .029 | Aon Ao +0o.7 .007 
6.3 .029 | Bos Bo —0.2 .005 
5-4 O51 Bon Bo +-0.5 O10 | 
Ce 5.6 .028 B4n B3 —o.8 .005 
Ce 6.1 .o16 Bon Bo +0.5 .008 
5.2 .028 Bos Bs —o.8 .006 
.O14 Bon B8 —0.2 . 009 
5.4 055 Bsn B8 —0.4 .007 
4010...... 4.8 .042 B4n B3 —0o.6 .008 +o.o11 g 
5.2 Aon A2 | -+0.9 .O14 
5.1 .037 B4n B3 —o.8 .007 +o0.010 g 
4034...... 4.9 .034 B3n B3 —o.8 .008 +0.009 g 
4037 5.4 .046 Bon Bs —0.2 .008 +0.012 g 
5.4 .047 B4n B3 —o.8 .006 
4041 5-9 034 Bon B8 +0.5 .008 
5-9 .046 Bsn Bs —0.4 .005 +o0.012g 
5.4 .052 Bon B8 —0.2 .008 

f-—o.orgt 
4086. 2.9 .031 Bon Br 2.8 .007 |+0.008 g 
4087C 5.1 Be |........ +0.009 g 
4097...... 5.6 065 | Bon Ao +0.5 .O10 
4115 4.9 .047 Ban B3 —1.2 .007 +0o.012g 
4.3 .034 Ban B3 —1.6 .007 +o.015 t 
5-5 . 009 Bon B8 +0.5 .O10 
.024 | B3 —o.8 .006 +0.006 g 
5-5 .026 | Aon A3 +0.9 O12 
4.9 .028 B3n B3 —0.9 007 +0.008 g 
5.0 .042 Bon cB8p +0.7 O14 
ae 6.4 oll Ain Aop +1.3 .O10 
6.2 .038 | Bon B3 +0.5 .007 
5.6 .008 B3n B3 —0.9 .005 
4368...... .024 Bss Bs —I.1 .O14 
5-4 .O16 Bsn Bs —0.5 .007 
108 Aon A2 +o.9 
46608...... .023 Bon Ao +0.5 . 009 
.000 Ban B3 —1.5 .004 
3-9 -O14 Bas cBsp —2.0 .007 
ee 4.4 .026 Bon A2 +0.5 .O17 
4502 5.2 .o18 B3s B3 —1.5 .005 +0.002t 
5.8 .026 Bon B8 —0.2 . 006 
6.2 .O14 Bos Br —2.8 2 
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TABLE II—Continued 
SPECTRUM 
Boss No. m M 
M.W. H.D. 

4612 5.4 o”005 | Bon cBo —2.6 | +0%003 
6.0 .oro | Bin Br —2.8 .002 
4690... .. 5.4 . 009 Bs —0.2 .008 
4640...... 6.5 .O10 Bon B8 +0.5 .006 
4068....... 6.0 .007 B8n B8 °.0 .006 
.035 | Aon Ao +0.9 .O14 
4687...... 5.8 .O31 B3s B3 —1.5 .003 
4702 5-4 .007 Bos B8 —0o.2 .008 
.02 B8s B8 —0.4 .007 
5.0 .022 | B8n Bs +0.2 
5.8 .O14 B3n B2 —0.9 .005 
7.8 .020 B8n B3 0.0 .003 
5.0 024 | Bs —1.0 .006 
B3n B3 —0.9 .005 
5.6 .o18 B8n B8 +0.3 . 009 
5.4 .025 B7s Bs —o.8 .006 
4821.. 5.8 .002 B8 —0o.6 .005 
4842.. 5.2 .025 B3n B3 —1.2 .005 
4873.. ea . 009 Bon Bs —0.3 .008 
5-4 O17 B3n B3 —0.9 005 
5.4 .013 B4n B —o.6 .006 
4036...... 4.1 129 Bon B8 +0.5 .O19 
4.9 O15 B8s Bs —0.4 009 
.023 Bsn B8 +o.1 .008 
5.8 .037 Aon A +0.9 fe) 
ag87...... 5-4 .O14 B8sn Bo +0.3 .O10 +0.006 t 
ce 5.0 .004 B4n B —0.7 .007 
5073. 6.3 007 | O8n Oes5 
| Bee —2.7 .002 +0.009 t 
5087 5.8 .022 Bsn B3 —0.4 . 006 
6.5 .02 B8n B3 -005 
5102 4.9 .O12 Bss B3 —I.1 .006 
4.8 .O51 Aon A3 +0.9 .O17 
5-4 024 B3 —0.5 .007 
5122 5.4 .O31 Bon B8 +0. 5 -O10 
5130... 6.0 .020 | Bs .006 
.008 B4n B3 —0.7 .007 
5560...... 6.2 .038 Bon A +0.5 .007 
i 5.0 .094 | Aon A +1.1 .O17 
5.8 —1.9 .003 +0.008 t 
5.2 B8s B8 —o.6 .007 
5.9 .025 B4n B3 —0.7 .005 
6.5 . 009 B4n Bs —o.6 .004 
5322. 5.6 .O17 B8s A —o.6 . 006 
5-4 .006 B3s | B3 —1.2 .005 
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TABLE Il—Continued 
SPECTRUM | 
| sew. | 
5.8 | cB8s cB8p | —0.6 | +0005 
4.0 .025 Bon A +0. 5 .020 
5405. 5.5 o18 B8n B8 +0.1 .008 
WATE 5.2 Bsn B3 —0.4 .008 
5465 5-4 Bos B8 —0.2 .008 
5474 5.0 .028 Ogn Oe5 —2.4 .003 
5512 5.8 Bon B —3.0 .002 
...<. 5.2 .004 | B3n B3 —o.8 006 
5525. 5.4 o18 B8n Bs +0.1 
5532. 2.3 .O12 Bis Br —2.3 .008 —o.o1rt 
5550.. 6.3 .026 Aon \ +0.9 .008 
6.0 .952 | Arn \ +1.3 
cs 5585.. 5.6 .038 Bon A +0.7 . 009 
: 5627... 5.0 .OO1 B3n B3 —o.8 .007 
.O15 Bon B3 —0.2 007 
5641 5.6 036 | Bon A2 +0.5 .O10 
5653.. 6.0 006 B4s Bs —1.2 . 004 
5681.. 5.6 .036 Bon A +0.5 .O10 
Ogn Oes —2.8 .003 
5700. . 5-4 .026 | B7s Bs —o.8 . 006 
6.2 .028 Bon A +0.3 .007 
5-4 .o19 | Bos Bs —1.0 
5810. 4.5 .O13 B3s B3 —1.2 .007 
SO50...... Ban B2 —1.8 .004 
6890... 5.7 .037 Aon Bo +1.1 .O12 
3.0 .032 B7n Bs 0.0 .O19 +0.004 t 
5967 5-3 02 Bsn B8 +0.3 .O10 
5.2 .O17 Bon A3 +0.5 
GO75....5. .O16 Bon Bo +0.5 
a 5-4 033 | Arn A +1.5 .O17 
614¢2...... 6.0 .006 | Bon Bp —3.0 .002 +0.030 t 
WEs"t47| 6.0 |........ Bon Bo +0.5 .008 +0.038 t 
Bond 708 .; 6.3 .020 | Bas Br —1.6 .003 
4 Gemin. | 6.7 .014 | Bon Bo +o.5 .006 +0.005 t 
A comparison of the results given by this method of reduction 
with those derived from moving clusters and from trigonometric 
parallaxes shows a satisfactory. degree of accordance. Using the 
values of Rasmuson for moving clusters, except in the case of the 
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Orion cluster where a parallax of +0%007 has been assumed, we 
find the following results for the absolute magnitudes: 


No. Cluster Spec. 
17 —2.0 —2.0 
Scorpio-Centaurus........... II —0.5 —1.0 


The very remarkable case of Votte’s star of large proper motion 
and parallax, Boss 1517, enters into the results for trigonometric 
parallaxes. The spectrum is B4n. The comparison for stars with 
positive trigonometric parallaxes, including and excluding this star, 
is as follows: 


No Trig. Spec 
—1Mo 
—0.4 —1.0 


The difference is that to be expected from the effect of selection 
of the stars with positive trigonometric parallaxes, for which alone 
absolute magnitudes may be computed. This necessarily involves 
a selection of the positive errors in the determinations. A better 
comparison would be furnished by the use of the formula already 
employed in which the sum of the errors of the trigonometric 
parallaxes is assumed to be zero. For 34 stars with trigonometric 
parallaxes the mean absolute magnitude derived in this way is 
—1.4, as compared with the spectroscopic value of —1.0. It is of 
interest to note that of the trigonometric parallaxes (absolute), 24 
are positive, g negative, and one is zero. The simple mean of these 
trigonometric parallaxes is +o’o1r and that of the spectroscopic 
parallaxes is +07o12. 

The catalogue which is given in Table II contains our results for 
the absolute magnitudes and parallaxes of stars of types O8 to Bo 
with the addition of a very few A-type stars. The successive 
columns give the Boss number, visual apparent magnitude, total 
proper motion, mean spectral type from the determinations of 
Adams and Joy, spectral type according to the Revised Draper 
Catalogue, absolute magnitude and parallax derived by the spectro- 
scopic method, and values of the parallax as obtained from moving 
clusters or trigonometric determinations. The absolute magnitudes 
have been computed separately for the types of Adams and Joy 
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and then combined; in some cases, accordingly, there will be 
slight differences from those furnished directly by the mean spec- 
tral types. For stars of right ascension later than 18 hours the 
Harvard spectral types are from the earlier Harvard publications. 

A valuable check on the accuracy of the absolute magnitudes 
derived by this method is furnished by the relationship of M to 
total proper motion. For such a comparison, especially when a 
wide range in apparent magnitude is involved, the best procedure 
is doubtless to use the reduced proper motion as has been done in 
the case of other stars by Lundmark and Luyten.'' For each star 
the value of 0.2 m+log uw has been computed, and the mean value 
of M has been derived for groups of stars within narrow limits of 
this quantity. For very small values of the proper motion the 
uncertainty is, of course, considerable. 


TABLE III 


| 
o.2m+log yu 
No. Mean M 
Limits Mean 

<8. 50 8.19 — 2.01 
eee 8.50-8.74 | 8.65 —1.49 
8.75-8.99 | 8.90 —1.37 
9.00-9.14 9.07 —1.18 
Q.15-9.2 Q.22 —o.80 
9.30-9. 39 9.34 —0.47 
9.40-9.49 9.45 —o0.48 
9.50-9.59 9.55 —0.25 
g.60-9.69 9.65 —0O.15 
9.70-9.79 9.74 +0.13 
9.80-9.94 9.86 +0. 21 
>9.95 10.07 +o.61 
299 


The results are shown graphically in Figure 1. The curve is 
very nearly a straight line except for the stars having extremely 
small proper motions. 

The same conclusion may, therefore, be drawn for the B-type 
stars as for the A-type stars discussed previously, that the dispersion 
in absolute magnitude is small for stars of the same spectral subdi- 
vision with the same character of spectral lines. Occasional excep- 
tions no doubt occur, as illustrated by 8 Orionis and such a star as 
Boss 1517, which is characterized by a large proper motion and 

t Lick Observatory Bulletin, No. 339. 
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high radial velocity. Whether the B-type stars with bright lines 
are also exceptional in their behavior is less certain; but, since the 
reduction curves are based entirely upon the stars showing absorp- 
tion lines, it has seemed preferable not to include material which 
is not of a homogeneous character. 


M 
+1.2 


+0. 8F 


6.00 8.40 6.60 9.20 9.60 10.00 


0.2m + 


FIG. 1 


An interesting publication by D. L. Edwards on “Spectroscopic 
Parallaxes of the Hotter Stars’’ has appeared while this investigation 
was in progress. The method used is to measure the relative 
intensities of the helium lines AA 4144 and 4388 against the hydrogen 
lines Hé and Hy, respectively, and to determine the absolute 
magnitude from the correlation found to exist between these two 
quantities. To some extent this is a correlation with spectral 
type and in the case of the stars listed by Edwards, comparison of 
types with absolute magnitudes derived from the parallaxes which 
he uses does, in fact, show the existence of such a relationship. 
The successful development of this method should be of great 
value in showing the dispersion in absolute magnitude for stars of 
the same spectral subdivision. 


Mount WILtson OBSERVATORY 
March 1923 


+0.4 
0.0 
| 
-1.6 
-2.0 
-24 
-28 
| 
} 
| 
} 
: 


NOTICE TO CONTRIBUTORS 


There is occasionally published in the Astrophysical Journal a Standing 
Notice (for instance, on pages 179-80 of the number for September 1917). 
This is principally intended to guide contributors regarding the manuscript, 
illustrations, and reprints. This notice contains the following paragraph: 

Where unusuai expense is involved in the publication of an article, on account of length, 
tabular matter, or illustrations, arrangements are made whereby the expense is shared by the 
author or by the institution which he represents, according to a uniform system. 

The present sheet has been printed for amplifying further that paragraph. 

The “uniform system” according to which “‘arrangements are made” is as 
follows: The cost of composition in excess of $50, and of stock, presswork, and 
binding of pages in excess of 40 pages, for any one article shall be paid by the 
author or by the institution which he represents at the current rates of the 
University of Chicago Press. When four articles from one institution or author 
have appeared in any one volume, on which the cost of composition has 
amounted to $50 each, or when the total cost of composition incurred by the 
Astrophysical Journal on articles for one institution has reached the sum of 
$200, the entire cost of the composition, stock, presswork, and binding of any 
additional articles appearing in that volume shall be paid by the author or by 
the institution which he represents. 

As to illustrations, the arrangement cannot be quite as specific, but it may 
be generally assumed that not more than three half-tone inserts can be allowed 
without payment by the author. The cost of paper, presswork, and binding for 
each full-page insert is about $8.00, aside from the cost of the half-tone itself. 
In the matter of zinc etchings, considerable latitude has to be allowed, as in 
many cases diagrams take the place of more expensive tables. It may be 
assumed, however, that it will seldom be possible for the Journal to bear an 
expense of over $25 for diagrams and text illustrations in any one article. 

Contributors should notice that since January, 1917, it has been impossible 
to supply any free reprints of articles. 

Reprints of articles, with or without covers, will be supplied to authors at 
cost. No reprints can be furnished unless a request for them is received before 
the Journal goes to press. 

Every article in the Astrophysical Journal, however short, is to be preceded 
by an abstract prepared by the author and submitted by him with the manu- 
script. The abstract is intended to serve as an aid to the reader by furnishing 
an index and brief summary or preliminary survey of the contents of the article; 
it should also be suitable for reprinting in an abstract journal so as to make 
a reabstracting of the article unnecessary. For details concerning the prepara- 
tion of abstracts, see page 231 in the April, 1920, number of the Journal. 
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The BOOK of LAKE GENEVA 


By DR. PAUL B. JENKINS 


J.W. MCCARTNEY 


Yerkes Observatory of the University of Chicago 


If you have a home at Lake Geneva, 
Wisconsin, or have-ever visited there 
you will want this handsome volume. 
It is a swiftly-moving story of the 
history of the lake, a nature-guide for 
the tourists who visit it, and a splen- 
didly illustrated gift book, describing 
the homes and institutions on its 
shores. Your dealer has it on sale 
or you may purchase direct from us. 


$4.00 net, postpaid $4.12 


Published for the Chicago Historical Society by 
THE UNIVERSITY OF CHICAGO PRESS 
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Let Us Prove Its Superiority 


REMINGTON 
PORTABLE 


Complete personal type- 


Radial Velocities of 
Twenty Stars Having 


Spectra of the 


writer with big machine : 
keyboard. Orion Type 
Fits in a case only four | By 
inches high. — EDWIN B. FROST 
Price, with case, $60 ; and 
(Easy . WALTER S. ADAMS 


REMINGTON 
TYPEWRITER Co. 


$1.50, postpaid $1.60 


THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO - - ILLINOIS 


Publishes: WILLIAMS & NORGATE, London; WILLIAMS & WILKINS CO.., Baltimore; FELIX 
ALCAN, Paris;, NICOLA ZANICHELLI, Bologna; RUIZ HERMANOS. Madrid; 
RENASCENCA PORTUGUESA, Porto; THE MARUZEN COMPANY, Tokyo 


éé 99 INTERNATIONAL REVIEW ‘OF SCIENTIFIC SYNTHESIS 
SCIENTIA Published every month (each number containing | 00 to | 20 pages) 
Editor: EUGENIO RIGNANO 
IS THE ONLY REVIEW the contributors to which are really international. 
IS THE ONLY REVIEW that has a really world-wide circulation. 


IS THE ONLY REVIEW of scientific synthesis and unification that deals with the funda- 
mental questions of all sciences: the history of the sciences, mathematics, astronomy, geology, 
physics, chemistry, biology, psychology and sociology. 

IS THE ONLY REVIEW that by means of enquiries among the most eminent scientists and 
authors of all counties (On the philosophical principles of the various sciences: On the most funda- 
mental astronomical and physical questions of current interest, and in particular on relativity: On 
the contribution that the different countries have given to the development of various branches of 
knowledge; On the more important biological questions, and in particular on vitalism; On the social 
question; On the great international questions raised by the World War), studies all the main 
problems discussed in intellectual circles all over the world, and represents at the same time 
the first attempt at an international organisation of philosophical and scientific progress. 

IS THE ONLY REVIEW that among its contributors can boast of the most illustrious men 
of science in the whole world. A list of more than 350 of these is given in each number. 


The articles are F aa in the language of their authors, and every number has a supplement con- 
taining the French translat‘on of all the articles that are not French. The review is thus com- 
pletely accessible to those who know only French. (Write for a gratis specimen number to the 
General Secretary of “Scientia,” Milan, sending 1 sh. in stamps of your country, merely to 
cover postal expenses). 


SUBSCRIPTION: Sh. 40; $ 10, post free OFFICE: Via A. Bertani, 14 - Milan (26) 
General Secretary: Dr. PaoLo BonETTI 
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